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SECTION I

INTRODUCTION

Paint coatings are used to perform multifunctional purposes on virtually all
aircraft systems and associated support equipment including protection against
corrosion, camouflage, thermal protection, and erosion resistance. During the life

of the weapon systems, the coatings require removal for a variety of reasons from
replacement of the worn coatings to changes in camouflage schemes. Removal of the

chemically resistant coatings used on weapon systems is labor intensive and require
the use of strongly activated chemical strippers.

Paint removal technology has not kept pace with the rapid advances of new

polymeric resins in the coatings industry. When alkyd primers and alkyd enamel
topcoats and alkyd primers and acrylic nitrocellulose topcoats were used as coating

materials, their removal was easily accomplished with solvent based strippers which

were predominately methylene chloride. However, as coatings transitioned from
alkyds and nitrocelluloses to epoxies, polyurethanes and fluoropolymers, the

traditional solvent type strippers were no longer effective removers for the new

polymers. Also, the alkyds and acrylic nitrocelluloses were functional for only one
to two years as they eroded easily and were severely attacked by aircraft fluids,
leaving very little of the coating to be removed. Presently used coatings have a
life expectancy of five to seven years due to their excellent environmental, erosion

and fluid resistance. The longevity of epoxy and polyurethane coatings further
complicates their removal as they become progressively resistant to chemical strip-
pers due to complete polymerization and aging from exposure to the environment,

engine heat, exhaust, and aerodynamic heating.

The approach taken by the chemical industry to provide strippers for presently

used coatings has been to add an "activator" to the traditional solvent type strip-
pers. The commonly used activators are phenols and amines. These strippers do not

effectively or economically remove the epoxy and polyurethane coatings. As many as

five applications are required together with aggressive mechanical agitation using
powered and hand brushing. The phenolic activated strippers are more efficient than
the amine artivated strippers, however, the phenols are not biodegradable and cause

water pollution problems when used in large quantities. Also hexavalent chromium

• " •, d• "i -'• k' .- .' ." • .," •" ,t • K ' W• 4 " .. • • ." -, '•,' •,.', r - - ' " " - "- " • K"•1
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compounds are used in the strippers as corrosion inhibitors which further restricts
the use of present strippers from an environmental standpoint.

Additionally, organic matrix composites, such as graphite/epoxy, are now being
used as aircraft structure. These same coating materials are bei applied to these
composite components that are applied to the metal skins. Cheinic4. paint strippers
connot be used for paint removal from composite structure because of the high risk
that they wi1 chemically attack the organic matrix material.

As an alternative process to chemical paint stribping, mechanical paint removal
by abrasive blasting using various abrasive media has been investigated at length.
Abrasive media that have been evaluated include crushed corn cobst glass beads,
walnut shells, synthetic diamond dust, garnet, and "dry ice" pellets. Also high
pressure water has been evaluated for paint removal from aircraft surfaces. All
methods have shown limited success.

A project was initlated at Ogden Air Logistics Center (ALC), Hill AFS, Utah,
under a producibility, reliability, availability and maintainability (PRAM) program,
to evaluate a plastic bead media for abrasively removing paint from F-4 aircraft.
The plastic media Is either thermosetting polyester or melamine formaldehyde plastic
in random angular shapes in various seive sizes. The plastic bead media range in
hardness of 3.5 to 4.0 on the Moh scale. The initial application of this plastic
head paint removal process at Hill AFS was for stripping paint from F-4 aircraft
wingfolds. Since then, the plastic bead paint stripping process has been developed
into a prototype facility capable of stripping an entire F-4 aircraft.

nuring the testing and prototype development of the plastic bead blasting
process by Ogden ALC, several concerns surfaced relative to the potential effects of
the process on aircraft materials. The concerns are as follows:

a. Surface roughness and its potential resulting effects oni aerodynamic drag.

b. Fatigue properties of metal altoys as a result of the surface roughness.

c. Removal of protective metal coatings such as aluminum cladding and anodize
coatings from aluminum alloys and cadmium plating from steel structure.
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d. Effects on the bond strength of aluminum honeycomb and thin skin aluminum
metal to metal bnded structure.

e. Effects on the physical properties nf graphite/epoxy composite materials.

f. Intrusion and consequent effects of the plastic particulate matter on the

wear properties of lubricated bearings.

Sg. Thin skin warpage as a result of surface cold working.

h. Effects on fatigue crack growth rate as a result of compressive residual
stress on the surface and a tensile residual stress in subsurface material.

i. Effects on dye penetrant inspection techolques.

j. Intrusion of plastic particles into avionic compartments.

As a result of the above concerns, the Systems Support Division (AFWAL/MLS) was

requested by HQ AFLC/MAX to initiate a test program to assess any potential damage

"to aircraft materials.

This report presents the results of the test program and is divided into four
sections and two appendices. Section I is an overview and introduction to the
program. Section II describes the test program, test materials, and test procedures.
Section III presents the test results and analysis. Guidelines for evaluating the

effects of plastic bead paint removal on metallic materials considered fracture

critical as well as other parts are presented in Section IV of the report.

3
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SECTION II

TEST PROGRAM AND PROCEDURES

The purpose of this test program was to obtain data on any adverse physical

effects of a plastic bead blast paint removal process on "worst case" aerospace.
structural materials. The structural materials selected are believed to be "worst

case" because they would be most likely to receive damage affecting their strength
properties from the plastic bead blasting paint removal process.

A. MATERIALS TESTEn

1. Thin Skin Aluminum Honeycomb Structure

(a) Face Sheets- 0.016 inch thick 7076-T6 alclad aluminum alloy.

(b) Face sheet preparation for bonding - chromic acid anodized and

coated on one side with BR-127 bonding primer.

(c) Honeycomb core material - 5052 aluminum

(d) Honeycomb core thickness - 0.5 In

(e) Honeycomb core density - ?.3 lb/cu ft

(f) Bonding adhesive - Hysol epoxy 9601.?

2. Thin Skin Aluminum Metal to Metal Bonded Structure

(a) Aluminum material - 0.016 in 7075-T6 alclad aluminum alloy

(b) Bonding preparation - Chromic acid anodized and coated on one

side with BR-127 bonding primer.

(c) Bonding adhesive - Hysol epoxy 9601.2

3. Unclad 7075-T6 Aluminum Alloy

(a) Thickness - 0.063 inch

(b) Treatment - Sulfuric acid anodized and dichromate sealed.

4
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4. Graphite/Epoxy Compnsite Panels

(a) Material - Hercules AS4/3501-6 12 ply.

S(b) Fiber Orientation

(1) 00 unidirectional

(2) 90* unidirectional

(3) [0/±45/0/90/0]s

(4) [90/0/046/90]s

(5) [±45/0 2 /90/01s

B. PANEL QUALITY ASSURANCE

1. Aluminum Test Panels

(a) All panels were ultrasonically inspected initially to ensure the

absence of debonded areas or voids in the adhesively bonded structure. All panels

were ultrasonically inspected after each paint remnval process to ensure that no

debonding had occurred as a result of the blasting process.

(b) Surface roughness (in microinches) was measured on all metal

panels initially and after each paint removal.

(c) Baseline mechanical properties (fatigue and adhesive bond

strength) were determined on all materials having no paint removal.

(d) All anodized aluminum test panels had electrical surface con-S: ductivity tests accomplished before and after paint removal to determine removal of

the anodize coating.

(e) All metal to metal bonded aluminum panels were visually inspected

Snfor warpage resulting from surface cold working.

2. GRAPHITE/EPOXY COMPOSITE TEST PANELS

(a) All panels were initially ultrasonically inspected to ensure the

absence of debonded areas or other abnormalities In the bonded structure. All

5
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panels were ultrasonically Inspected after each paint removal process to ensure that
no ply debonding or matrix crakking had occurred as a result of the blasting process.

(b) The panels were x-rayed before and after each paint removal

process to determine any macro areas of fiber breakage or internal matrix damage.

(c) Physical property and baseline mechanical properties (tensile
strength and modulus and four point flexural strength) were determined on the

material having no paint removal,

(d) Sections were taken from the test.panels before and after each
paint removal and inspected by scanning electron microscope for fiber breakage,
matrix cracking, and fiber/riatrix debonding.

C. TEST SPECIMEN PREPARATION FOR PLASTIC BEAD BLAST PAINT REMOVAL

1. Pretreatment, Coating and Curing of Aluminum Test Panels

(a) The panels were alkaline detergent cleaned using MIL-C-m2769

materla'i.

(h) The panels were deoxidized using material conforming to

MIL-C-38334.

(c) The panels were chemical conversion coated using material

conforming to MIL-C-81706 and applied in accordance with MIL-C-5541.

(d) The panels were primer coated to a dry film thickness of 0.0006
to 0.0009 inch with epoxy primer conforming to MIL-P-23377.

(e) The panels were topcoated to a dry film thickness of 0.0017 to

0.0023 inch with polyurethane paint conforming to MIL-L-83P86B.

(f) The panels were cured at ambient conditinns of 75*F and 50±5% RH

for seven days.

(g) After seven days of ambient cure, the panels were baked at

?100F±?°F for 96 hours.

4 6
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2. Graphite/Epoxy Composite Panels

(1) The peel ply was removed.

(2) The panels were immediately primer coated to a dry film thick-

ness of 0.6 to 0.9 mils with epoxy primer conforming to MIL-P-23377.

(3) The panels were topcoated to a dry film thickness of 1.7 to 2.3

mils with polyurethane paint conforming to MIL-C-83286B.

(4) The panels were cured for seven days at ambient conditions of

750Ft20F and 50±5% RH.

(5) After ambient conditioning, the panels were cured at 210F±2°F

for 96 hours.

D. EQUIPMENT AND PROCEDURES. USED FOR PLASTIC BEAD BLAST REMOVAL OF PAINT
FROM METAL AND COMPOSITE PANELS

1. The abrasive blasting machines used for plastic bead blast paint

removal from the test panels were standard commercially available equipment and were

baing used by personnel at the Ogden ALC to remove paint from F-4 aircraft wing

folds.

2. The nozzle size on the abrasive blasting machine abrasive delivery

hose was 3/8-inch diameter which was the size nozzle used for plastic bead blast

paint removal from F-4 aircraft wing folds and was used for paint removal from the

test panels.

3. The plastic bead abrasive blast material used to remove the paint

From the panels was the same that was being used to remove paint from F-4 aircraft

wing folds. The material is manufactured by U.S. Plastics and Chemical Co. and
trade named "POLYPLUS". The plastic bead material has a Moh hardness of 3.5 to 4.0.
The plastic bead grit size used was 30 to 40 U.S. seive size.

4. Two blast pressures (measured at the blast nozzle) were used to blast

two groups of test panels. One group of the test panels was blasted with the
plastic beads at a nozzle pressure of 38 psi. The second group of test panels was

blasted with the plastic beads at a nozzle pressure of 60 psi.

\ . . . . . . . ...
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5. The nozzle angle of attack normal to the surface of the panels,

nozzle stand-off distances from the surface of the panels, and nozzle travel rate
across the surface of the panels were not a standardized operation for paint removal
from F-4 aircraft wing folds or the test panels.

6. The following paint/plastic bead blast paint removal schedule was
used for the test panels.

a. One group of the aluminum honeycomb panels was painted four
times and stripped four times at 38 psi nozzle pressure.

b. One group of the aluminum honeycomb panels was painted four
times and stripped four times at 60 psi nozzle pressure.

c. One group of the aluminum honeycomb panels was coated with five
coats of paint and stripped once at 38 psi nozzle pressure.

d. One group of the 0.063 inch thick unclad 7075-T6 sulfuric acid

anodized panels was coated once and stripped once at 38 psi nozzle pressure.

e. One group of the 0.063 inch thick unclad 7075-T6 sulfuric acid
anodized panels was coated once and stripped once at 60 psi nozzle pressure.

f. One group of the aluminum thin skin metal to metal bonded panels
* was painted four times and stripped four times at 38 psi nozzle pressure.

g. One group of the aluminum thin skin metal to metal bonded panels
was painted four times and stripped four times at 60 psi nozzle pressure.

h. One group of graphite/epoxy composite panols was painted four
times and stripped four times at 38 psi nozzle pressure.

I. One group of graphite/epoxy composite panels was painted four
times and stripped four times at 60 pii nozzle pressure.

E. SURFACE ELECTRICAL CONDUCTIVITY

Surface electrical conductivity measurements were made on the plastic bead
blasted anodized panels to determine removal of the anodize coating. Measurements
were made in accordance with the procedure shown in Section IV of this report.
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F. SURFACE ROUGHNESS

Surface roughness measurements were taken with a Surtronic 3 manufactured
by Rank-Taylor-Hobson. Each data point represents an average of ten readings (in
microinches) taken every 0.03 inches over 0.30 inches travel of the probe. Three
specimens were randomly selected from each set of panels after each paint removal

for each blast pressure. Five data points were gathered from each of these speci-
mens. Therefore, the final average for each panel/blast pressure/paint removal
cycle represents 15 data points.

G. ALUMINUM FATIGUE TESTS

1. Test Procedure

The fatigue tests were conducted at room temperature in accordance

with ASTM Standard, Practice E 466-82 using four MTS electrohydraulic servo-contre id
testing machines. These tests were axial, tension-tension, constant load amplitude
and were controlled by means of a load cell output. The test frequency was constant
during each test; however, for all tests it varied between 10 to 22 Hz depending on
the test machine used and the expected cycles to failure. A stress ratio (R *

minimum stress/maximum stress) of 0.3 was used for the thin skin honeycomb tests and
0.1 for the anodized aluminum sheet tests. The test loads for the thin skin honey-

comb specimens were calculated using a nominal thickness of 0.016 inch and those for
the anodized aluminum sheet specimens were calculated using the measured thickness

from each specimen.

2. Test Specimen Geometry and Machining

a. Thin Skin Aluminum Honeycomb

The specimen geometry shown in Figure lb was used for fatigue

testing of thp thin skin aluminum honeycomb material. The specimens were machined
from 24 inch by 4 inch panels using a Bridgeport milling machine having a paper
tape pronrammer and digital-depth-of-cut setting. The flat face sheets of the

specimens remained in the as received condition or the plastic bead stripped condi-
tion. These specimens were machined using orpn roughing cut leaving 0.02n inch of
material per machined edge. Prior to cutting the machined panels along the center

9
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of the honeycomb core, the final 0.020 inch of material was removed as discussed in

the next paragraph.

For the baseline specimens, and for specimens up to the third

paint removal, the final 0.020 inch of material was removed in one step. The edges
were then manually sanded longitudinally using 320 grit s!licon carbide paper.
However, this machining procedure produced some early fatigue failures. Examination

* after testing revealed that on some of the specimens the alclad had formed a lip or
burr along part of the machined edges. On some specimens, these lips were found to
be fatigue crack initiation sites. Therefore, beginning with the specimens from the
third paint removal, the outside edge corners (alclad side) were slightly rounded

using 600 grit silicon carhide paper. It was then= found that for some of these
specimens thot the crack initiations occurred along the machined edge at material
raised up on the honeycomb side of the specimen. For the fourth paint removal
specimens, the last M.020 inch of material was removed in six steps. The final
0.003 inch of stock per side was removed at a rate of 0.001 inch per cut. The edges

were sanded longitudinally and the outside edge corners rounded as above.

All of the honeycomb sandwich machined panels then were cut down
the center of the one-half inch thick honeycomb core to provide two test specimens
from each panel. The final machining step was to mill awny the honeycomb material

at both ends of the specimens to allow aluminum tab material to be applied to the
thin skin aluminum. This procedure also caused some early failures because too muc!,

of the 0.016 inch face skin was removed along with the honeycomb core. Aluminum
tabs were bonded on the ends of the test specimens using FM-300 epoxy film adhesive
and cured at 215 0 F for two hours, All of the specimens that failed due to the above
mentioned machining flaws are noted in the data.

b. Sulfuric Acid Anodized Unclad Aluminum Sheet

These test specimen blanks, ?.625 inches by 17 inches by 0.063

inches of unclad 7075-T6 aluminum were removed from four foot wide sheets. The
blanks were sulfuric acid anodized and dichromate sealed in accordance with Type II
of Specification MTL-A-86P5. The specimens were then machined to the configuration
shown in Figure la using the previously discussed milling machine having a paper
tape numerical control. The roughing cut for these specimens left 0,025 inch of

matPrial per edge. This remaining material was removed in seven steps. The final

10
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0.004 Inch of stock per side was removed at a rate of 0.001 inch per cut. The

machined edges of these specimens were polished longitudinally using 600 grit

silicon carbide paper. Aluminum tabs were also bonded to the ends of these speci-

mens.

H. METALLOGRAPHY

Metallography was performed to evaluate the surface finishes and properties

of metallic materials subjected to plastic bead paint removal. What follows is a

description of the metallographic techniques employed in this particular program.
These techniques parallel those outlined in Section IV "Guidelines for Evaluating

the Effects of Plastic Bead Paint Stripping on Metallic Materials."

Specimen selection was dictated by a general plan which was devised to

maximize the information gained while minimizing the time, effort and materials

needed to conduct the metallographic evaluation. Basically, specimens were selected

to represent a particular test condition. For instance, specimens were selected

based on the nozzle pressure used during paint removal and the maximum stress level

used during fatigue testing, Therefore, at least four specimens were prepared for

metallographic analysis for each paint removal operation performed on the thin skin

aluminum specimens: one specimen at 38 psi nozzle pressure, 32 ksi maximum fatigue
stress; one specimen at 38 psi, 45 ksi; one at 60 psi, 32 ksi; and one at 60 psi,

and 45 ksi. Sometimes the specimens were selected to represent the test conditions

and to determine why some fatigue specimens failed prematurely. In any event, the

specimens were selected to extract the most information with the minimum of effort.

Once a particular fatigue specimen was selected for metallographic analysis,

a sample was excised from the fatigue specimen within one inch of the fracture

surface of a failed fatigue specimen and from within the gage section of the unfailed

fatigue specimen. Sheet metal shears were used as a "first cut" in sectioning the

metallographic specimen from the thin skin aluminum fatigue test specimens and a

band saw was used for the 0.063 inch thick specimens. Then, both the metallographic

and fractcgraphic specimens were carefully sectioned using a diamond cut-off wheel.

Since the thin skin aluminum honeycomb material could not be mounted squarely in the

metallographic mount, the metallographic specimen was soaked in a ketone solvent to

dissolve the adhesive bonding the honeycomb to the thin aluminum sheet. This was

accomplished by placing the metallographic specimen in a beaker and with enough

12
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solvent to just cover the specimen. The beaker was then placed in a warm water bath

(120 0F) to speed the honeycomb stripping process. After stripping the honeycomb

from the aluminum skin, the specimen was rinsed with water and methanol and then

dried. Once these steps were completed the specimen was mounted.

After grinding and polishing the metallographic mounts, the specimens were

then-etched with Nitalt.for. 0 seconds, rinsed with water, rinsed with methanol, and
blown dry with compressed air. Then the mount was lightly run around the 0.05

micron alumina polishing wheel and then re-etched as above. This technique revealed
greater detail•thah Just a single etch process. Once properly prepared, the metal-
lographic specimen was ready for analysis.

A standard metallograph was used to evaluate the effects that plastic bead

paint removal had on the aluminum specimens. Special attention was given to the
side of the specimen from which paint had been removed; the unpainted side (the
honeycomb side) was used for comparison. Photomicrographs were taken at 160x and
BOOx.

I. FRACTOGRAPHY

Fractography was performed on some of the failed fatigue specimens which

were subjected to plastic bead paint removal. Both light optical and electron
fractography were performed on the specimens with two goals in mind. The first was
to determine where the fracture initiated and the second was to determine if plastic

analysis, the fractographic analysis was based on Section TV, "Guidelines for

Evaluating the Effects of Plastic Bead Paint Removal on Metallic Materials." What

follows is a description of the salient features associated with conducting the
fractographic analysis.

All of the failed fatigue specimens were subjected to light optical
fractography while some required additional electron fractography. The light

optical fractography was conducted to determine the approximate location of the
fracture initiation site. If the initiation site was not at the edge or corner of

the specimen, then the specimen was considered for electron fractography. Typically,

all of the premature failures were scrutinized in the scanning electron microscope

while only some of the baseline specimen failures were Pxamined.

13
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Once a particular specimen was selected for electron fractography (due to

its fatigue life oi its initiation site) the specimen was prepared for further
examination. The first step was to carefully remove the fracture face from the rest

of the fatigue specimen. Sheet metal shears were used on the thin skin honeycomb

specimens and a band saw was used on the 0.063 inch thick specimens. Fractographic

sectioning was performed In the same way as the metallographic sectioning and, in
many cases, metallographic and fractographic specimens were removed from the failed
fatigue specimen in one cut. After removing the fracture face from the fatigue

specimen, the fracture face was sectioned using a diamond cut-off wheel to further
reduce the specimen size so that it could fit in the scanning electron microscope.
The specimen was then rinsed with methanol and then cleaned with acetone in an
ultrasonic bath, It was not necessary to remove the honeycomb core material from

the thin skin aluminum specimens. After cleaning, the specimens were affixed to

aluminum stubs with a carbon adhesive.

The fracture faces were then examined using a scanning electron microscope.

After examining several specimens a routine was established for evaluating the
fracture faces. The first step was to tilt the fracture face so as to view both the
fracture face and the plastic bead paint stripped surface at the same time. This

technique helped in determining if the initiation site was linked to plastic bead

paint removal. If this was true, then the specimen was examined more thoroughly.

J. BOND STRENGTH OF ALUMINUM THIN SKIN METAL TO METAL BONDED PANELS

1. Test Procedure

The peel resistance of the adhesive (T-peel test) was determined in

accordance with ASTM Test Method D1876-72.

2. Test Panel Preparation and Geometry

The bonded panels were 12 inches by 1? inches in size. After each

paint/paint removal cycle a one inch by ten inch section was sheared from the

panels for adhesive peel strength measurements.

i4 14
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K. GRAPHITE/EPOXY COMPOSITE PANELS

1. Test Procedures

The tensile and four point flexure tests were conducted in a 10,100

lbs. capacity Instron testing machine. These tests were performed in accordance

with ASTMI Test Methods D3039-76 (tensile) and D790-84a, Method II (four point

flexure) except that the crosshead speed for all tests was 0.05 inch/minute. The

tabbed ends of the tensile specimens were gripped using wedge action grips. Tensile
strain was obtained using a two inch Instron clip-on type extensometer.

For the flexural tests, the load fixture was adjusted to either a ?.O
inch or 2.2 Inch span which resulted in a span-to-depth ratio of 32:1. Mid-span

deflection in the flexure specimens was determined using a deflectometer having a

microformer for an electrical output. The majority of the test specimens did have
deflections greater than ten percent of the span. Therefore the maximum stress was

calculated using the formula given in ASTM D790-84a. When the specimens failed in
interlaminar shear rather than in the outer fibers, interlaminar shear strength

value was calculated by dividing the maximum tensile stress by the respective

span-to-depth ratio (Reference 1).

2. Test Panel Preparation and Geometry

Quasi-isotropic and unidirectional 24 Inrhes by 24 inches 12 ply

panels were made with AS4/3501-6 graphite/epoxy prepreg tapes manufactured by

Hercules, Inc. The laminates were fabricated in an autoclave according to the

manufacturer's recommended cure cycle. A listing of the laminates and fiber orienta-
tions is shown in Table BI. The physical property data obtained from the laminates
are given In Table 1. After each paint/paint removal operation, straight-sided

specimens, tensile and flexure, were cut from the large panels using a diamond

impregnated saw. The specimens were one inch by ten inches for the tensile tests

and one inch by five inches for the flexural tests. Fiberglass/epoxy end tabs were

bonded to the tensile test specimens.

S 15
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TABLE 1

PHYSICAL PROPERTY DATA (1)

Panel Specimen Laminate % Resin % Fiber(') % Void(Z)
Number Group Specific Content Content Content

Designation Gravity by weight by volume by volume

5 D 1.61 28.9 63.7 0.0

6 F 1.59 j0.3 61.8 0.0

7 L 1.56 32.9 58.2 1.1

8* M 1.59 31.2 60.6 0.1

9 -E 1.60 32.2 60.1 0.0

14 N & 0 1.61 31.4 61.5 0.0

NOTE: (1) All information is an average of three data points per panel.

(2) 1.26 9/cc resin density and 1.80 g/cc fiber'denslty values

were used to calculate fiber content and void content.

"Ali 16
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SECTION III

RESULTS AND ANALYSTS

A. PANEL OUALITY ASSURANCE

1. Bonded Aluminum Test Panels

As discussed In Section 118, the bonded aluminum honeycomb panels and
the thin skin metal to metal bonded aluminum panels were ultrasonically inspected
after each paint removal cycle. No adhesive debonding was detected by ultrasonic
inspection In any of the two groups of test pAnels, one group being blasted at 38

psi nozzle pressure and one group at 60 psi nozzle pressure, after four paint
removal cycles. Additionally, T-ppel adhesive bond strength was determined on the
aluminum thin skin bonded panels which showed no-effects. This data is shown,, i n
Tabe 2 and represents the average of three specimens for. ehch'pressure and paint,

removal cycle. The increase in peel strength of the adhesive is attributed to th6

addittional curing of the adhesive during subsequent baking of the panels to heat age

the paint. Visual'observation of these panels showed warpage due to the cold

working of the surface by the plastic head blast paint removal process. No Almen

intensity measurements were made fnr these panels.

2. GRAPHITE/EPOXY COMPOSITE PANELS

Ultrasonic and x-ray inspection of the composite panels showed no ply

debonding or laminate cracking in any of the test panels, even after four paint
removal cycles. Visual examination did show gel coat removal and examination by

scanning electron microscope showed fiber/matrix debonding and matrix cracking which
will be discussed later in this report.

B. SURFACE ELECTRICAL CONDUCTIVITY

Surface electrical conductivity measurements were made on all anodized
aluminum test panels initially to ensure A continuous anndIzFd coating in accordance
with the surface electrical conductivity measurement procedure shown in Section IV.

All of these anodized test panels showed infinite surface resistivity. After one

17
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plastic bead blasting of the chromic acid anodized and sulfuric a-cid anodized test

panels at either nozzle pressure, all anodized panels showed infinite surface

• ,~conductivity. These results indicate that the anodized coating was removed by the

plastic bead blast paint removal process.

"C. SURFACE ROUGHNESS

Surface roughness on aircraft metallic structure is of concern from the

standpoint of both aerodynamic drag and the effects on mechanical properties such as

fatigue. Measurements of the surface roughness in microinches of two separate test

panel groups of 0.016 inch thick anodized alclad 7075.T6 aluminum sheet (one group

blasted at 38 psi nozzle pressure and one group at 60 psi nozzle pressure) for four

successive paint removals showed peak surface roughness of 184 microinches after the

first paint removal. The surface roughnesses of each test group of panels which

were plastic bead blasted at 38 psi and 60 psi nozzle pressure respectively decreased

progressivply with three successive plastic bead blastings to 75 microinches. This

progressive decrease in surface roughness shows that some alclad Is removed each

time.the surface is plastic bead blasted. The surface roughness data is shown In-
, wstabular form In Table 3 and graphically In Table 4, Shown also in Table 3 are

surface roughness values for the panels coated after each paint removal with the

standard Air Force exterior aircraft finish which is 0.0006 Inch to .o0009 inch dry
film thickness of epoxy primer conforming to MIL-P-23377 and 0.0017 inch to 0,0023

inch of polyurethane topcoat conforming to MIL-C-83286. This coating of the plastic

bead blasted surfaces decreased the surface roughness to an acceptable level because

of the thin cladding on the 0.016 inch thick aluminum sheet material. However,

hiaher surface roughness will occur on aluminum material having greater thickness,

which will also have a greater thickness of soft cladding. The effects of surface

"roughness will have to he mssessed for each weapon system based on final roughness

after paint application and the total critical surface area,

D. FATIGUE - ALUMINUM MATFRIAL

All of the fatigue data generated during the program are given in Appendix

.ie, A. These data are presented in Figures Al to A14 and Tables Al to A5.

-4 1
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1. Thin Skin Aluminum Honeycomb

The baseline fatigue data obtained from the 7075-T6 alclad thin skin

aluminum honeycomb specimens are shown in Table Al and Figure Al and Figure 2. One

of the curves shown in these figures (which is a reasonable fit to the lowest life

data points) was obtained from information available to AFWAL/MLS from the A-10

aircraft structures program from Fairchild Republic, 1973.

Also shown in Figure 2 is the lower 95% confidence curve which was

constructed using the procedures given in ASTM standard practice E739-80. A linear

best fit equation was obtained using the log stress - log cycles to failure data in

the range of stress between 34 to 50 KSI. Rather than showing the 95% confidence

bands per ASTM 739-80, only the lower curve was determined since the concern in this

program was early failures.

The lower 95% confidence curve and the lower bound curve to the

baseline data are shown in Figures 3 to 6 which show the fatigue data after one to

four plastic bead paint removals at 38 psi and 60 psi nozzle pressures. Any data

resulting from questionable tests, such as failures initiating at machining flaws,

handling dents, or at grip ends were excluded from these figures. Data which fell

below the lower 95% confidence curve, lower cycles to failure, are identified in

these figures by specimen number. Table 5 gives a summary of the fatigue results

from the alclad thin skin honeycomb material. For the 38 psi nozzle pressure, the

accumulating percentage of total tests falling below the lower 95% confidence curve

increases with the number of paint removals. However, for the 60 psi nozzle pres-

sure, the accumulating percentage decreases with number of paint removals which

suggests that the higher nozzle pressure is less damaging in fatigue. Two possible

explanations for this are: (a) for the 38 psi pressure much longer time was

required for removing the paint, therefore exposing the specimens to a greater

number of foreign particles mixed in the plastic bead media, and (b) the 60 psi

pressure may be placing greater compressive surface stresses in the 7075-T6 aluminum

similar to a shot peening process.

2. Unclad Aluminum Sheet

The baseline fatigue data generated on bare 7075-T6 sulfuric acid

anodized material, 0.063 inch thick, are shown in Table A4 and Figure Al2. The

22
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several general observations were made about the effects of plastic bead paint

removal. First, the cladding was severely damaged by the paint removal process.

The cladding was thinned, cracked, and pitted by the paint removal process. Since

the 7072 cladding is very soft, it was very easy for the paint removal process to
damage the cladding. Second, the damage produced by the paint removal process was

localized and nonuniform. In some areas the cladding was completely removed and in

some areas it was not. This was probably due to the variability'of the paint
removal process. For instance, lower noAie pressures required longer dwell times

than the higher nozzle pressures to remove the same amount of paint. In so doing,

the surface was exposed to plastic beads for a longer period of time and increased

the likelihood of damaging the alclad. Third, although the thin skin honeycomb

panels experienced four paint removal operations, systematic reductions of cladding

could not be calculated. That is to say each paint removal operation did not result

in a specific reduction of cladding thickness. This was partlydue to the localized
damage of the paint, removal process and the probability of detecting the damage

through metallographic analysis. In order to determine the incremental reduction of

the cladding thickness for each paint removal operation, exhaustive metallographic

and statistical analyses are required which were beyond the scope of this program.

2. Alclad 7075-T6 Thin Skin Honeycomb Panels with Five Coats of Paint

and One Paint Romoval Operation.

The features found in this portion of the program were similar to

those found in the previous section. The cladding was damaged and exhibited pitting,

thinning and c ocking Just as in the sequential paint removal operations described
previously. F,(!,jres 14 and 15 typify the effects of plastic bead removal of

five coats of paint in one operation.

3. Sulphuric Acid Anodized 7075-T6.

Metallographic analysis indicated that plastic bead paint removal
damaged thp surface of the sulfuric acid anodized 7075-T6 for either nozzle pressure

(Figures 16-1A). Some surface pits were detected which measured approximately 0.5

mils across and O.OP mils deep (Figure 17). Since the unclad 7075-T6 is substan-

tially hardpr than the alclad 7075-T6 surface, the unclad 7075-T6 was less susceptible
to damage by plastic bead paint removal. 1;' anything, it is believed that plastic

bead blasting might improve the fatigue properties by peening, thus creating residual
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Figure 14. Aiclad 7075-T6 Thin Skin Honeycomb with Five Coats of Paint After
One Paint Removal at 38 psi (Specimen 36A). MAG: (a) 16OX, (b) 800X
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(a)

*14

Figure 15. Alclad 70754T6 Thin Skin Honeye'omb with Five Coats of Paint After
One Paint Removal at 60 psi ('Specimen 52B). MAG (a) 16OX, (b) 800X
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stresses in the surface. This concept could be investigated at another time. As

reported earlier, however, the conductivity tests indicates that the anodized

coating was badly damaged or removed even though not obvious metallographically.

F. FRACTOGRAPHY OF 7075-T6 SPECIMENS

Extensive fractographic analysis was performed on the failed fatigue

specimens to determine if plastic bead paint removal was responsible for initiating

fatigue failures. The first step in performing the analysis was to examine the

fracture surface using light microscopy. If the crack initiation site was not

located on the specimen corner or edge, then the fracture face was sectioned and

prepared for electron fractography. Specimens failing below the lower bound curves

received the most attention. What follows is a description of the salient features

of the fractographic analyses performed.

1. Alclad 7075-T6 Thin Skin Honeycomb Panels.

Fractographic analysis of the alclad 7075-T6 thin skin honeycomb

panels subjected to four sequential paint removal operations revealed several

features.

First, the fatigue crack initiation sites were located either on the

plastic head blasted side, at the corner, or at the edge of the fatigue specimen.

Sometimes the specimens failed in the taper radius between the grip and the gage

section. Failures In the radius typically initiated at the specimen edge or corner.

Regardless of the location of the initiation site, the sites were readily detected

optically using low magnifications (2x to 7x). Typical initiation sites as they

appeared in the electron microscope are shown at higher magnifications in Figures 19

and 20, Crack initiation sites located on the plastic bead blasted surface were

scrutinized while those initiation sites locateld on the edge or corner received
little attention; edge and corner initiation sites are mechdnistically favored when

compared to surface sites for the specimen configuration ,ised in this program. In

order to determine whether or no;: plastic bead paint stripplny effected tuhe fatigue

life, nnly those fatigue initiation sites 'icated on the plostic bhd blasted

surface could be construed as responsible for affecting the fatigue liFe.

Fractography also revealed that none of the crack initiition sites were located on

tho hnneycomb side of the panel.
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I I

Figure 20. Oblique Fractograph of Specimen 17A; Left Side o~f Picture (Dark
Surface) Ts the Stripped Surface; Right Side (Light Surface) Is the
Frmcture Face. Note the frActure initiated on the stripped surface
and the silica particle embedded in the Initiation site. MAG: 20OX
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The second common feature detected by fractography was the texturing

of the clad surface by the plastic bead paint removal. The left side of Figure 20
Is an excellent example of this texturing. Since 7072 cladding is very soft it was
either stripped off or smeared around the surface of the panel during plastic bead

paint removal. This effect was confirmed by the metallographic cross sections
described and depicted earlier in this report. In some cases, this texturing effect

was very extensive and in other cases the effect was minimal. The most critical
case for fatigue is when the texturing creates initiation sites, and for protection
against corrosion the most critical case is when the blasting removes the cladding.
It is important to understand the implications of damaging the cladding by plastic

bead paint removal. The first implication is obvious: protection against corrosion
offered by the cladding is reduced. Secondly, since the 7072 cladding is
metallurgically bonded to the 7075 core, any damage to the cladding, such as pitting,
scoring or cracking, can serve as crack initiation sites. Once these sites are

introduced into the cladding, a crack can grow into the core material. Therefore,

one could conclude that plastic bead paint removal creates surface defects in the

soft 7072 cladding which serve as both crack initiation sites and coating defects.

Figures 19, 20, 21, 23,and 24 typify the features found on specimens

whose early failures were attributed to plastic bead paint removal. The first

obvious feature of the initiation site is on the plastic bead blasted side of the

specimen; the initiation site is away from the edges and corners. The second

obvious feature is the set of lines which radiate out from the initiation site into
the core material. These lines can be traced back from the overload region to the

initiation site no matter where the initiation site was located: corner, edge or
surface. The third feature, which was particularly interesting and common to
Specimen 17A only, is the particle embedded in the Initiation site in Figures I1 and
20. X-ray analysis indicated that this particle was silica. It Is believed that
this particle was mixed in with the plastic beads when the plastic beads were

manufactured or when the beads were recycled during the stripping operation.
Another interesting feature on specimen 17A is the scored clad surface shown in
Figure 21. Although it appears as if the 7075 core was exposed, it is believed that

the cladding was scored by the stripping process.

Figure 22 shows a cnrner initiation site with a lip which was created
during specimen machininq. After these lips were detected in the test program, they
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Figure 21. Close Up of Surface Depic'ted in Flg~re 2(). Note the textured surface
and the sc~oring which resulted from plastic bead blasting. ;MAG: 940X

2Figure. 2?. Corner Fatiguep Initiation Site on Specimen 50A. The fold was
accfdentdlly produiced specimien machining and resulted in some premature
failures. liL\G: 2UUX
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A

Figure 23. Initiation Site on Specimen 248 (Third Paint Removal at 38 psi).
Note initiation site is near a surface defect. MAG: 1OOX
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were eliminated by rubbing emory paper up and down the edges of the fatigue

specimens.

2. Alclad 7075-T6 Thin Skin Honeycomb Panel with Five Coats of Paint and

"One Stripping Operation
Fractographic analysis"•f these specimens revealed that they behaved

similaely to the sequentially stripped.panels described previously (Figure 25). The
* features ,included the same texturing ofthe cladding; the same initiation sites; the

same fracture features,; and the sameeffect due to the difference in nozzle pressure

employed. This last feature is worth noting anddiscussing. At 38 psi nozzle
pressure, the fatigue data 'Ind'cates that there is more variability and earlier
failures than at fO psi nbzzle pressure. It is speculated that two phenomenons are
involved whiPh explain the lower Variability and longer lives of the 60 psi nozzle

Specimens, Ft'st, the.specimnns are subjected to plastic bead blasting for a
shorter period off.time gince'the paint is removed n;re quickly at 60 psi than at 38
,psi. This shorter time reduces thR number of surface defects that are introduced by

, plastic head paint stripping. It is also speculated that the 60 psi nozzle pressures

,, mightcold work the surface, and in turn, offset the effects of introducing crack

Initiatioi, sites, by retarding the crack propagation. Of course, more investigation
is' required to validate this theory.

3. Sulfuric Acid Anodized 7075-T6 Sheet (0.063 Inch Thick)

Figure 26 shows two fracture faces of sulfuric acid anodized 7075-T6
sheet which was suhjected to plastic bead paint stripping. The cracks initiated at
surface defects on the plastic bead blasted side of the specimens. Since the
surface of the sulfuric anodized 7075-T6 Is much harder than the cladding on the

alclad 7075 sheet, it was less susceptible to damage by plastic beads- in turn, the
less damage, the fewer the initiation sites, and the less effect on fatigue life.
Although some surface defects were introduced during stripping, their effect was

minimal since they were small with respect to ithe total thickness of the sheet
material, In other words, as sheet thickness increases, the defects introduced by
plastic bead blasting in materials should become less significant.

49



AFWAL-TR-85-41 38

Figure 25. Fractograph of Specimen 36A (Five Coats of Paint/One Paint Removal).
Initiation site Is a surface defect. MAG: VOX
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Figure 26. Typical Initiation Sites on the Sulfuric Acid Anodized 7075-T6.
(a) Specimen SA-2 (b) Specimen SA-6. MAG: (a) 1OOX, (h) ?OOX
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G. GRAPHITE/EPOXY MECHANICAL PROPERTIES (AS4/3501-6 MATERIAL)

1. Tensile and Flexure

The results from the tensile and four point flexure tests are given
in Appendix B. These data are shown in Tables B2 to R8 and in comparative graphs

presented in Figures BI to BIO. Based on information in Reference 2, a lognormal
distribution was assumed for analyzing these data. Data distributions are shown in

Figures R11 to 816, to illustrate that these various strength and modulus data have

a reasonable fit to a lognormal distribution. This was done so that the "F" and "t"

statistical tests (Reference 3) could he used to determine if the data groups have

significantly different means or not. The post paint removal data groups were

rompared with their respective baseline data using these statistical tests. The

statistical analysis results are shown in Table 6.

The maximum tensile strength reduction from the three quasi-isotropic

laminates (Figures 81, S3, and BS) was 5.2%. Thesp tensile strength data showed no

significant difference from the baseline strength data when using the above statis-

tical tests. Since tensile strength is a fiber dominated property, this Indicates

that no significant damage was done to the fibers during the paint removal process.

Tn the tensile modulus data (Figures R2, B4, and R6), -the largest
reductions in moduli were found in the F90/O/±45/0/901s laminate. If matrix cracks

are heinq introduced by the paint removal process, it would result in a reduction in

the tensile modulus (Reference 4). Also the laminate having 9O° plies on the

outside would be erpected to have the greatest reduction in stiffness. The fourth

* paint removal process using the 38 psi nozzle pressure produced a significantly
"lower mean modulus, 16.2% reduction, in this laminate, However, the other reduc-

tions of 11.5 to 12.1% were not found to be significant.

From Figure 87 (0' unidirectional laminate), the maximum reductions

in the flexural strength occurred after four paint removals at 38 psi and 60 psi

V. nozzle pressures. However, these 8.7% and 10.6% reductions were not statistically

significant. These results also show that no significant damage was done to the

fibers.

The reductions in the flexural strength for the 90' unidirectional

and rf/±45/O/90/Ols laminates (Figures 118 and R9) were not consistent with regard to

* 52
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the number of paint removals using the 38 psi nozzle pressure. The data from both
of these laminates showed significant reductions, 16.1% and 7.5%, aftpr the second
paint removal but not after the fourth paint removal. However, after the 60 psi

nozzle pressure paint removal, both of the laminate's flexural strengths showed

significant losses (10.7% to 14.2%) after both the second and fourth paint removals.
These results and particularly those from the 9Q0 unidirectional laminates are

additional indications that matrix cracking di'i occur during the paint removal

process.

The data shown in Figure BIO from the [*45/0/0/90/0]s laminate was

obtained using the same four-point flexural test; however, the majority of the

specimens failed by interlaminar shear and shear strength values were determined

using Reference 1. Post test inspection of the failed specimens showed that the

majority of these specimens failed by separating the laminate at the gO0 ply at the

0/90 interface with the two adjacent 06 plies. In the majority of the specimens,

this separation occurred at the 900 ply nearest the tensile stressed surface of the

flexural specimen. However, several of the specimens from the fourth paint removal

cycle contained ply separations at both of the 900 plies. Comparing with the

baseline data, all of the shear strength means (arithmetic) after the paint removal

cycles showed significant losses (20.5% to 28.7%). This is additional evidence of

matrix cracking.

In summary, for this composite, AS4/3501-6 having no surface
protection, statistically significant losses did occur in the matrix dominated

mechanical properties, i.e., 900 unidirectional flexure strength and quasi-isotropic

laminate flexure strength and flexural shear strength. No significant reductions

occurred in the fiber dominated mechanical properties, i.e., ultimate tensile

strength and 00 unidirectional flexural strength. rhese results provide evidence

that matrix cracking has occurred as a result of the paint removal process but no

significant damage to the fibers.

H. GRAPHtTE/EPOXY FRACTOGRAPHIC STUDIES

SEM examinations were conducted on sections which were cut from the 12 ply

00 unidirectional four point flexure graphite/epoxy specimens after testing. The

purpose of the examination was tn determine if there was any damage to the material
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after plastic bead paint stripping. The examinations were conducted 6n the base

material as well as on the test specimens which received either one, two, or four

plastic bead paint removals. Both the 38 and 60 psi nozzle pressurqs were examined

and the surfaces as well as the cross-sections were studied. The results of these

investigations are detalled below.

1. Surface Examination Results

Examination of the surface of the baseline material revealed a gel

coating on the top surface which was estimated to he approximately 0.0006 inches

thick (Figure 27). (The pattern is a result of a peel ply placed on top of the gel

coat.) After the first paint removal cycle, at both nozzle pressures, the gel coat

was almost completely removed. Additionally, the fibers on the surface were broken

in quite a few places and pieces of the broken fibers had fallen away. Figures 28

and 29 illustrate the surfaces for the 38 psi and 60 psi specimens after one round

of plastic bead paint removal, The surfaces of the specimens receiving additional

paint strip cycles revealed similar features except that with each paint and removal
cycle there were even more broken and missing fibers on the surface. The only

difference between the 38 psi and the 60 psi nozzle pressures appeared to be In the
depth to which the surface fibers were damaged. On the 38 psi specimens, the damage

most often consisted of broken single fibers whereas on the 60 psi specimens the

damage contained more hrnken fiber bundles. The number of fiber layers which were

completely removed was determined to be about 2-4 fibers in depth (even after four
paint removals) or approximately 0.0006 to 0.0012 inches. Adding this to the 2-5

broken fiber layers means that about 4-9 fiber diameter layers were damaged.
Recause there are approximately ?ý fiber diameters per ply, the surface damage to

this 12 ply composite, even at 60 psi and after four paint removals, is less than

one half of a ply or about 3-4% of the material in this case.

However, higher magnification of these surfaces revealed the follow-

ing information. In addition to the broken fibers, there was also considerable
fiber/matrix dehonding and plastic working of thp matrix on the surface (Figure 30).

Additionally, the amount of plastic working In the matrix appeared to increase with

the number of paint removal cycles. Compare Figure 30 at 60 psi after one cycle to

Figure 31 at 60 psi after four cycles.
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Figure 27. Surface Condition of the Graphite/Epoxy Base Material. MAG: 40X

Figure 28. Surface Condition of the Graphite/Epox ' Specimen A'fter the First
* IPaint Removal at 38 psi. MAG: 40X
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I

Figure 29. Surface Condition of the Graphite/EpoxySpecimen After the First
Paint Removel at 60 psi. MAG: 40X

i*1

Figure 30. Higher Mdgnification nf the Graphite/Epoxy Specimen Surface After
the First Paint Removal at 60 psi, MAG: IO0OX
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Figure 31. Surface Condition of the Graphite/Epoxy Specimen After the Fourth
Paint Remov&1 at 60 psi. MAG: 100O�
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2. Cross-section Results

Cross-sections of the specimens revealed the following results.

Again, the gel coating of the base material can be seen to have been removed after

only one cycle at either nozzle pressure. Figures 32 to 35 depict the cross-sections

of the baseline specimen and the paint removal specimens after one, two and four 38

psi paint removal cycles. These cross-sections indicate that the damage to the

specimen consisted of more than that seen on the surface. These photographs indicate

that additional damage was done to the material in the form of matrix cracking and

fiber/matrix debonding below the surface. For the 38 psi nozzle pressure, the

fiber/matrix debonding can be seen 3 to 5 fiber diameters deep after the first

cycle, whereas after the second cycle it occurs approximately 3-8 fiber diameters
down. After the fourth cycle, the debonding can be seen down approximately 4-10

fiber diameters in'depth. Thus, it appears that the depth of the debonding damage

somewhat Increases as the number of paint strip cycles increases. In the 60 psi

nozzle pressure samples the same type of damage is present and appears to go slightly

deeper into the sample than for the lower pressures. For this case, debonding can

be seen up to 3-6 fiber diameters deep after the first cycle and 5-12 fiber diameters

deep after the second and fourth cycles. The matrix also appears to lose plasticity

as the number of cycles increases as can be seenl by comparing the ductility of the

matrix of the hase material (Figure 32) to the 38 psi paint stripped cross-sections

(Figures 33 to 35). This difference can be seen throughout the specimen thickness

and may be additional evidence that brittle matrix cracking has occurred as a result

of the plastic bead paint removal operation.

3. 90* Flexural Test Specimen Results

A
"One final examination was conducted on the 90' flexural specimens.

This examination was conducted when the results of the 900 flexural test specimens

started to show some significant decreases in properties after the second round nf

paint removal. SEM examination was then used to see if any reason for the decrease

in the properties of these specimens could be noted. This study revealed the

following information.

Figures 36 to 38 show the surfaees of the 9Q0 flexural specimens for

the baseline material and for the 60 psi nozzle pressure after the second and fourth
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Figure 32. Cross Section of the Graphitc/Epoxy Base Material. MAC: 100OX
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A,

- ,Figure 33. Cross Section of the Graohite/Epoxy Specimen After the First
Removal at 38 psi. MAG: 1O00X

.F4.

-' A.

£4 Figure 34. Cross Section of the Graphite/Epoxy Specimen After the Second
Paint Removal at 38 psi. MAC: IOOX
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Fi- gure 35. COss Seton'of "he Graphit ./Epoxy Specimen After the Fourth
Pa i it Removal1 at. 38 psi. NAG: ICOOX,

Figure 36. Fracture Surface of the 9C' Flexural Specimen Base. Plterila.

MAG: SOX
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Figure 37. Fracture Surface of the 900 Flexural, Specimen After'the Second
'VPaint Removal at 60 psi. MAG: BOlX

Figure MP Fracture Surface of the 90' Flewural Specimon After thp Fourth
Paint Removal at 60 psi. MAfl: 50X
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round of bead blasting. Since there were no significant losses in mechanical
properties after the first paint removal, these specimens were not examined and the

38 psi specimens exhibited similar results to the 60 psi specimens and are not

discussed here. The following surface feature3 were noted. For the baseline

material first, there were relatively few broken fibers; second, both the broken and

the undamaged fibers appeared to be relatively intact with the matrix and third, the
failure appeared to be predominantlya matrix type failure. For the plastic bead
paint removal specimens, the following features were noted. First, there was a

significant increase in the number of broken fibers on the surface, second, the
matrix failed in a more brittle manner and third, the broken fibers were not intact

with the matrix. Figures 39 and 40 further Illustrate these differences. These
features could indicate that the plastic head paint removal operation caused matrix

cracking. Precracking of the matrix in this manner would have caused brittle matrix

failure and loss of matrix ittegrity. This would have resulted In significant
fiber/matrix separation and loss of matrix below the main fracture surface upon

testing. Additionally, this failure mode would have resulted in lower flexural

strength values for the 900 unidirectional specimens,

4. Summary

Xn summary, there Is significant damage to the graphite/epoxy composite

materials from the plastic bead paint stripping operation under the conditions of
this investigation. This damage consists of (1) the removal of the gel coating, (2)
the removal of some fiber layers and subsequent breakage of many of the remaining

surface fibers (3) some fiber/matrix debonding and cold working of the matrix on the
surface layers, and (4) some matrix cracking and fiber/matrix debonding up to 12

fiber diameters in depth at the worst case studied. Furthermore, the difference in
appearance of the cross-sections and the failure mode of the 90' flexural indicates
that there is matrix cracking even after as few as two plastic bead paint removal
cycles.

4 64
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Figure 39. Further Magnification of the 90' Flexural 'Specimen Base Material.
MAG: OOX

Figure 40. Further Magnification of the 90' Flexural Specimen After the Fourth
Paint Removal at 60 psi. MAG' 500X
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SECTION IV

GUIDELINES FOR EVALUATING THE EFFECTS OF
PLASTIC BEAD PAINT REMOVAL ON METALLIC MATERIALS

A. DISCUSSION

Since plastic bead blasting for paint removal from aerospace systems is being

considered as a possible process for replacement of chemical strippers, the use of

such a process on an aerospace system immediately raises a major concern of the
effects on the mechanical and physical properties of structural materials. Other
concerns are effects on bearings and sliding parts and contamination of electronic

compartments and components.

In any abrasive cleaning operation (paint removal) damage on some surfaces In

terms of substrate removal, surface roughness, warpage, etc., is unavoidable.

Implied in this statement is the acceptance of some damage inasmuch as it would be

impossible to develop an effective process that would not cause some changes to the
base material. The task, then, is to define what is acceptable in terms of changes

to materials' physical and mechanical properties. The following table and
accompanying evaluation procedures were prepared to provide some guidance for

evaluating the effects of plastic beads on metallic structure.

The first step in the procedure is to determine whether or riot the part to be
exposed to the paint removal process is fracture critical. Those that are designed

to damage tolerance criteria should receive more scrutiny than parts which are
designed for durability and that are cosmetic or serve only as aerodynamic fairings.

This is reflected in Table 7 and the accompanying test procedure by the increased
number of properties to be evaluated. The evaluation process could ultimately lead

to a decision to perform tests. However, the decision to test or not to test must

be based on good engineering assessment. For instance, if the same alloy and heat

treatment was previously evaluated in a test program and minimum changes in
properties were found, it would probably be acceptable to release that part for

plastic bead paint removal, Another part may be made of material that has

properties similar to a previously tested alloy. In such a case one might want to
conduct a metallographic evaluation to assess if damage is similar to, better, or
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worse than that in the already cleared alloy. A material that has not been

evaluated should receive applicable testing.

B. METALLOGRAPHY

1. Scope

1.1 This procedure contains the general requirements for evaluating metal-

lographically the effects of Plastic Bead Paint Removal (PBPR) on metallic

structures and gives general direction only. Specific details and tech-

niques are well documented in existing industry standards.

2. Applicable Documents

ASTM E 7 Metallography, Definitions of terms relating to.

ASTM E 2 Methods for Preparation of Micrographs of

Metals and Alloys (Including Recommended Practice for

Photography as Applied to Metallography).

ASTM E 3 Methods for Preparation of Metallographic

Specimens.

ASTM E 340 Methods for Macroetching Metals and Alloys.

ASTM E 407 Methods for Microetching Metals and Alloys.

3. Definitions

Definitions will be in accordance with the documents listed in Section 2.

4. General Requirements

4.1 Discussion. Metallography allows material evaluators to relate the
constitution and structure of metals and metal alloys to their properties.

When properly employed, metallography can prove useful in evaluating the

effects of plastic bead paint removal nn metallic structures. In

4 68
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particular, metallography can reveal the 2-D surface features created by
PBPR; scanning electron microscopy can reveal the 3-D features. By using
these techniques, the effects of plastic bead paint removal can be
assessed. Since the details of metallography are already well documented,
the evaluator is directed to existing standards.

4.2 Requirements. The general requirements are listed to give guidance to the
evaluator, but in no way dictate the absolute method for evaluating PBPR

'R with metallography.

"4.2.1 Specimen Selection. Accurate selection of the metallographic
specimen is probably the most important step 'In evaluating the
effects of PBPR metallographically. The specimen must represent
the material and process being studied. Generally, the specimen
selected is a transverse cross-section which will best reveal
variations in structure from center to surface; thickness and

A structure of protective coatings; depth and type of surface

anomalies; and any other feature created by PBPR. The specimen
size shall be amenable to mounting and preparation techniques.

4.2.2 Specimen Sectioning. Specimens shall he sectioned such that the
structure to be studied is not damaged during sectioning.
Lubricants and cooling media typically prevent microstructural or
physical damage from occurring during sectioning.

4.2.3 Specimen Mounting. Cross-sections shall be carefully mounted to
reveal as much detail as possible. Soft alloy surfaces can be
plated before mountina or hard mounting materiel can be employed to
prevent smearing of the edges during subsequent grinding and
polishing operations.

4.2.4 Grinding and Polishing Operations. These operations are well

standardized and should be adhered to.

4.2.5 Etching Operations. These operations are also well documented and
"can he matched to the material under study.
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4.2.6 Specimen Evaluation. Light or scanning electron microscopy can he
used for evaluating the effects of PRPR, particularly the surface
effects. Photomicrographs should be taken of areas which are
typical and which best illustrate the effects of PBPR.

5. Notes

5.1 To accurately characterize and evaluate the effects of PBPR
metallographically, several specimens must be analyzed.

5.2 Metallography should be used in conjunction with other techniques to
evaluate the effects of PBPR. Decisions should not be based on only a few
metallographic specimens.

C. SURFACr ROUGHNESS MEASUREMENTS

Suirface roughness of exterior aircraft structure caused by sanding, abrasive
blasting using various types of abrasive media or other means of mechanically

abrading the surface can result in several unsatisfactory performance phenomena.
Some of these include increased aerodynamic drag, fatigue crack originators,
increased fatigue crack growth rates, and potential increased corrosion rates. All
of the above potential effects on aircraft structure must be assessed for each
aircraft system in terms of total average roughness and whether the roughness is on
critical or noncritical structure.

There are several instruments commercially available for measuring surface
*• roughness including mechanical and optical (laser) devices. The procedure for

measuring surface roughness will be dependent on the particular instrument being

used.

D. FATIGUE

". Scope

1.1 This section contains the general requirements for evaluating the effects
of Plastic Read Paint Removal on the fatigue properties of metallic mWterials. This
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section gives direction only. Specific procedures and techniques are well

documented in existing industry standards.

?. Applicable Documents

2.1 Definitions of Terms Relating to:

ASTM E 206 Fatigue Testing and the Statistical Analysis of
Fatigue Data

2.2 Method/Practice:

ASTM E 466 Conducting Constant Amplitude Axial Fatigue Tests of

Metallic M aterials

ASTM E 468 Presentation of Constant Amplitude Fatigue Test

Results for Metallic Materials

ASTM E 467 Verification of Constant Amplitude Dynamic Loads In

an Axial Load Fatigue Testing Machine

ASTM E 739 Statistical Analysis of Linear or Linearized Stress -

Life (S-N) and Strain Life (E-N) Fatigue Data

"MIL-HDBK-5C Chapter 9, Section 9.6, Subsection 9.6.2, Tests of
Significance

3. Definitions

3.1 Definitions will be In accordance with the documents listed in Section 2.

4. General Requirements

4.1 Discussion

Fatigue is a failure mode that is composed of two stages; crack nucleation

and crack propagation. Crack nucleation usually occurs at snme imprfections or
"discontinuities in a material such as inclusions, machining scratches, fastener
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holes, etc. Crack propagation in normal material is dependent on the average
properties of a material with localized imperfections playing a secondary role in

the process. (Further discussion of fatigue crack propagation is contained under
the heading of Fatigue Crack Growth Rate.) From the foregoing it can be seen that
plastic bead cleaning will potentially have a significant effect on fatigue data

inasmuch as crack nucleation sites may be introduced on the surface of the material
by the cleaning process. Of all mechanical properties fatigue will potentially be

affected the most. If it is determined that fatigue tests must be run on a

material, a program that will result in meaningful data must be conducted.

4.2 Requirements

The general requirements are listed to give guidance to the evaluator, but

in no way dictate the absolute method for evaluating the effects of plastic bead

paint removal on fatigue properties,

4.2.1 Planning

It must be determined if a fatigue data base exists for the material,

heat treat, and surface condition under consideration. If a fatigue data base does
not exist on the material, it is recommended that a S-N (stress-life) curve as shown

in ASTM Standard Practice E 468 be developed using 10 to 15 valid fatigue test data.

If fatigue data is available or after generating the data, it is recommended that
haseline specimens be tested at two stress levels, i.e., one stress that will

produce fatigue life at about 100,000 cycles and the other stress that will produce

a fatigue life at about 1,000,000 cycles. At each of these stress levels five valid
fatigue tests are to be performed on the base material. After subjecting blanks of
the samne material with a painted surface to the paint removal process, ten valid

fatigue tests are to be conducted, i.e., five tests at each of the above selected

stress levels.

4.2.2 Specimen Design and Preparation

For sheet material the tert specimens are to have a rectangular cross

section having a minimum width of one inch in the rcduced test section. The length
of the uniform test section, between the belding fillets, should be a minimum of two

inches. An example of a test specimen is shown in the attached drawing which wAs
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used to test 0,053,inch.-thlck 70756-T-f Aluminum grip tabs were bonded on the ends

of the specimens using FM-300 epoxy film adhesive. Specimen preparation must be

done with great care to avoid undercutting at the fillets, introducing residual

stresses, or having stress risers along the machined edges. In the final stages of

machining, material must be removed in small amounts until 0.005 inch of excess

material remains on each machined edge. The next 0.004 inch of material should be

removed at a rate of 0.001 inch per machining pass. The final 0.001 inch of

material on each edge must be removed by polishing longitudinally to the length o';

the specimen. All specimens are to be inspected using 20X or greater magnification.

All transverse marks, cracks, or excess material, such as burrs along the machined

edges, shall be removed or the specimen is to be discarded.

4.2.3 Testina

The fatigue tests are to be conducted at room temperature in accordance

with ASTM Standard Practice C466 and preferably using electrohydraulic

servo-controlled testing machines. For material in sheet form, the tests should be

performed using axial tension-tension type of loading. It is suggested that the

following stress ratios (min stress/max stress - R) be used:

(1) For sheet material having a thickness less than 0.050 Inch, use a

stress ratio (R) of 0,3.

3 (2) For sheet material with a thickness greater than 0.050 inch, use a

stress ratio (R) of 0.1. The test frequency should he between 10Hz to 25Hz. All of

the fractured specimens are to be analyzed using fractography to determine if each

test is valid, i.e., failure occurring within thF specimen and not at a machining

burr along the machined edge of the specimen.

4.2.4 Test Results and Analysis

The fatigue data shall be reported as given in ASTM Standard Practice

E468. If five valid test data are available at a single stress level for both

baseline and the paint removal conditions, then a statistical t-test may be

conducted to test for a significant difference between -the two sample means.

l.oqarithms of the specimen lives are to be used since it is common practice to

assume that the logarithms of the fatigue lives belong to a normal distribution.

See Subsection 9.6.2 in MIL-HDBK-5C.
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If the S-N fatigue data from the base material can be described by a

linear model, 95% confidence bands for the S-N curve can be obtained. See ASTM E

739. The data, obtained from the specimens that were subjected to the paint removal

process, can then be compared to these confidence bands.

E. FATIGUE CRACK GROWTH RATES

1. Scope

Contained herein are generalized concepts and procedures for evaluating the
effects of Plastic Bead Paint Removal (PBPR) on the fatigue crack growth rates of

metallic structural elements. Each part must be evaluated in terms of the

particular loading environment to which it is exposed and its interaction with other

structural components.

?. Applicable Documents

ASTM E 647 Standard Test Method for Constant-Load-Amplitude Fatigue

i Crack Growth Rate Above 10- 8 m/cycle. NOTE: This method

is going to be retitled Standard Test Method for

Measurements of Fatigue Crack Growth Rates

AFWAL-TR-82-3073 USAF Damage Tolerance Design Handbook: Guidelines for

the Analysis and Design of Damage Tolerant Aircraft

Structures

PICIC-HB-OIR Damage Tolerance Design Handbook; A Compilation of Fracture

and Crack Growth Data for High Strength Alloys

3. Definitions
N

Definitions will be in accordance with the documents listed in Section 2.

4. General Requirements

4.1 Discussion. Fatigue crack growth rate (FCGR) information obtained from

tests on specimens is used to predict the growth of cracks in structures. A
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change in the growth rate in specimens will translate to a similar change in the

growth rate of a crack in a component. The growth of a fatigue crack at any given

time is governed primarily by the material directly ahead of the progressing crack.

To consider the possible effects of plastic bead cleaning on crack growth a starting

point is to view the material near the crack tip. It can easily be visualized that

unless a large portion of this material is altered in its basic properties the FCGR

will not change.

4.2 Requirements. The general requirements are listed to give guidance to the

evaluator. Specifics of testing are given in the applicable documents.

Interpretation of results must take into consideration that FCGR, like fatigue, has

variability.

4.2.1 Test Design. To accurately assess any effects of PBPR on FCGR,

tests on virgin and PBPR panels must be run in a side by side comparison. All

specimens must be removed from one piece of material and tested to one set of

parameters (stress ratio, frequency, environment).

4.2.2 Data Requirements. Sufficient raw data (crack length and cycle

count) must be obtained to develop an accurate description of the fatigue crack

growth rate (da/dN) over at least one decade on the growth rate axis. Larger

portions of the curve are desirable. There must be at least ten points within a

decade. For ease of data generation the lowest growth rate should not be lower than

10-7 in/cycle and for accuracy the fastest growth rate should not be higher than

10-4 in/cycle.

4.3 Data Interpretation. Assessment of the effects can best be accomplished

by fitting a line or curve to the da/dN vs k data. Differences in results should be

obtained from the fitted curves.

F. SURFACE ELECTRICAL CONDUCTIVITY

1. Scope

1.1 This procedure provides the gPneral requirpments to determine if anodize

coatlnos have heen removed from aluminum alloys using the surface electrical

conductivity technique.

75



AFWAL-TR-85-4138

2. Applicable Documents

None

3. Definitions

None

4. General Requirements

4.1 Discussion. Anodize coatings, chromic and sulfuric, are applied to

aircraft aluminum structure for increased long term protection against corrosion.

Properly applied undamaged anodize coatings are electrically nonconductive.

Therefore, the procedure for determining if an anodize coating has been damaged

during refinishing processes is, to use a volt/ohm meter to determine if electrical

conductivity Is present in areas of the anodized structure. This procedure assumes

that the anndize coating was undamaged prior to paint removal from the aircraft

either by sanding, plastic bead blasting or with chemical strippers.

A.2 The test procedure is as follows:

a. Using 300 grit sand paper, lightly remove a small area, not to exceed

one square inch of the anodize coating.

b. Position both electrodes of the volt/ohm meter in the sanded area to

ensure electrical conductivity.

c. Maintain contact of the positive electrode with the sanded area and

slowly move the negative electrode over the area to be inspected for damaged anodize

coating.

d. Any deflection nf the volt/ohm meter indicator shows areas with the

absencp of the anodize coating.

5. Notes

'None
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G. FRACTOGRAPHY

.1.I sco•.

1.1 This brief contains the general requirements for evaluating the effects of

Plastic Bead Paint Removal by using fractographic evaluation techniques;

The brief gives direction only; specific details, 'procedures and
techniques are well documented in existing literature.

2. Applicable Documents

Publications

MCIC-HR-06 SEM/TEM Fractography Handbook

MCIC-HB-08 Electron Fractography Handbook

3. Definitions

3.1 Definitions will be in accordance with the documents listed in Section 2.

4. Gne Requirements

4.1 Discusslon. Fractography (light or electron) is a valuable technique for

determining whether or not Plastic Bead Paint Removal (PBPR) is the cause
of failure of metallic structures subjected to PBPR. Fractogyaphy, In

conjunction with metallography and other evaluation techniques, can assist
in assessing the ..ffe.ts of PBPR. Since the details of fractography are

already well documented, the materials evaluator is directed to that

documentation for specific procedures and techniques.

4.? Reqtuirements. The general requirements are listed to give guidance to the
materials evaluator and In no way dictate the absolute method fnr

,vnluitinl the effects of plastic bead paint removal with fractography.

S~77
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4.2.1 Specimen Selection. Accurate specimen selection is npcessary for
correlating the effects of plastic bead paint removal to the
properties of the material subjected to PBPR. In selecting the
specimen, the critical feature is the crack initiation site. Once
the initiation site is located, it can be determined if PBPR was
responsible. Therefore, it is critical that the specimen selected
include initiation sites on the plastic beaded surface.

4.2,P Specimen Selection and Preparation. Once the~specimen for study is
selected, it should be carefully sectioned so as not to damage the
surfaces In question. Techniques for sectioning and preparing
fractrographic specimens are well documented and should be referred
to.

4.2.3 Specimen Evaluation. The critical features sought after using
"fractography include fatigue failure initiation sites, protective
coating integrity, and surface finishes. By using a variety of
techniques, the evaluator can determine If PBPR degraded or

-I upgraded the beaded material. Although the evaluation is subject
-4 to interpretation, several observations are required to con-

clusively determine the effects of PBPR on material properties
using fractography.

5. Notes

5.1 Like metallography, fractography involves exceptional skill and
technique. If used properly, the effects of plastic bead paint
removal can he assessed accurately.

I'

*I 78
W.l.e.< r



AFWAL-TR-86-4138

SECTION V

CONCLUSIONS

A. METALLIC STRUCTURE

1. The plastic bead blasting process for paint removal caused warpage in

unsupported thin skin aluminum material that was blasted at either 38 psi or 60 psi

nozzle pressure.

2. The plastic bead blasting process for paint removal did not effect the

adhesive bond strength of aluminum honeycomb structure and thin skin metal to metal

bonded structure that was blasted at either 38 psi or 60 psi nozzle pressures.

3. The surface roughness values in microinches resulting from plastic bead

blasting 0.016 inch thick alclad 7075-T6 aluminum showed the following.

a. High surface roughness after the first plastic bead blast paint

removal on panels blasted at either 38 psi nozzle pressure or 60 psi nozzle pres-

sure.

b. The surface roughness values decreased after each of the four

consecutive plastic bead blastings on test specimens blasted at either 38 psi or 60

psi nozzle pressure.

c. The application of the standard Air Force exterior aircraft finish

to the plastic bead blasted surfaces decreased the surface roughness values to

acceptable levels.

4•. The alclad thickness on alclad aluminum alloys is 6.4% of the total

material thickness. Consequently, surface rouahness values will vary areatly

deponding on the thickness of the alclad aluminum alloy subjected to the plastic
(h-,d blast paint removal process. Therefore, the effects of surface rouqhness will

have to he assessed for each weapon system haspd on final surface roughness after

paint applirition and th.- total effected critical surface area.

-•,9
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5. The plastic bead blasting process for paint stripping removed the alclad

coating from aluminum structure that was blasted at either 38 psi or 60 psi nozzle

pressure.

6. The plastic bead blasting process for paint removal removes both chromic

acid and sulfuric acid ariodize coatings from both alclad aluminum and bare aluminum

at either 38 psi or 60 psi nozzle pressure.

7. The fatigue properties for thin skin alclad 7075-T6 aluminum honeycomb

materials which were subjected to four consecutive plastic bead paint removal cycles

at either 38 psi nozzle pressure or 60 psi nozzle pressure showed the following:

a, Thin skin aluminum material blasted at 38 psi nozzle pressure. The

accumulative percentage of the total tests falling below the lower 95% confidence

curve increases with the number of paint removals.

b. Thin skin aluminum material blasted at 60 psi nozzle pressure. The

accumulative percentage of total tests falling below the 95% confidence curve
decreases with the number of paint removals which indicates that the higher blast

pressure is less damagiog in fatigue.

8. The fatigue properties for 0.063 inch thick sulfuric acid anodized 7075-T6

unclad aluminum materials which was plastic bead blasted one time for paint removal

at either 38 psi or 60 psi nozzle pressure showed the following.

a. Unclad anodized aluminum sheet blasted at 38 psi nozzle pressure.
All of the specimens failed above the lower hound curve to the baseline data.

However, all the fatigue cracks in these specimens initiated on the side of the

panel that had been blasted with the plastic beads for paint removal.

b. Unclad anodized aluminum sheet blasted at 60 psi nozzle pressure.

All of the specimens failed above the lower bound curve to the haseline data. The

majority of the fatigue crar'ks in these specimens did not originate on the side of

the panel that had been blasted with the plastic heads for paint removal. These

N,: ;pecimens also had loncer fatigue livws than those blasted at 38 psi nozzle pressure

which is in agreement with the fatigue results found for the thin skin aluminum

80
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materials. This Is further supporting data that the higher blast pressure is less

damaging in fatigue.

9. An embedded particle which was shown by x-ray analysis to be silica (sand)

was found by metallographic examination to be at the crack initiation site in one of

"the thin skin aluminum fatigue specimens. This foreign particle was obviously mixed

in with the plastic beads and impacted the test specimen during the paint removal

operation. Equipment will have to be installed to remove foreign particulate matter

from the plastic bead blasting process in order to eliminate potential crack

initiation sites in aircraft structure.

B. GRAPHITE/EPOXY COMPOSITE STRUCTURE

1. The gel coat of the graphite/epoxy specimens was removed by both the 38

psi nozzle blast pressure and the 60 psi nozzle blast pressure after just one paint

A removal cycle.

2. Statistically significant losses in the matrix dominated physical
properties (flexural strength and flexural shrar strength) occurred for the

composite material that was plastic bead blasted at 38 psi nozzle pressure and at 60

psi nozzle pressure. These mechanical property losses were attributed to matrix
cracking.

3. No statistically significant fiber dominated (ultimate tensile strength

and 0* unidirectional flexural strength) mechanical property losses occurred for

this composite material that was plastic bead blasted at 38 psi nozzle pressure and
at 60 psi nozzle pressure. With the exception of minor fiber damage in the surface

ply, no significant fiber damage resulted from the plastic bead blast paint removal

process.

C. PLASTIC BEAD BLAST PAINT REMOVAL PROCESS CHARACTERIZATION

1. No characterization of the plastic bead blast paint removal process waIs

Smade in the fOllowing areas.

I
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a. Blast nozzle angle of attack relative to the surface being plastic

bead blasted for paint removal versus paint removal rates versus damage to the
structural material.

b. Blast nozzle stand-off distance from the surface being plastic bead

blasted for paint removal versus paint removal rates versus damage to the structural

material.

c. Plastic bead size and hardness versus paint removal rate versus

damage to the structural material.

d. Blast nozzle pressures other than 38 psi and 60 psi.

81,
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SECTION VI

RECOMMENDATIONS

A. METALLIC STRUCTURE

1. An Alman strip intensity study of plastic bead blasting (peening) on

aluminum thin skin structure should be accomplished.

2. Any aircraft structure determined to be fracture critical should, as a

minimum, be evaluated in accordance with the guidelines in Section IV of this report

prior to removing paint from that structure b~y the plastic bead blast process.

3. A test program should be accomplished to determine the optimum nozzle

angle of attack relative to the surface being blasted, the optimum nozzle stand-off

distance from the surface being blasted, the optimum nozzle blast pressure, and the

optimum plastic bead size and hardness in order to define a safe, efficient, and

damage free window of operation for plastic bead blast paint stripping.

4. A test program should be accomplished to determine the effects on long

term protection against corrosion of alclad, ion vapor deposited aluminum, and

cadmium coated surfaces which have been plastic bead blasted for paint removal.

5. Rigid prncess and quality control measurements are required for the
plastic bhad paint removal process to eliminate foreign object damage (FOD) of

aircraft structure.

B. EPOXY/(RAPHITE COMPOSITE STRUCTURE

1. Significant losses occurred in m3trix dominated properties as a result of
plastic bead paint removal from graphite/epoxy composite. Consequently, paint

should not he removed from graphite/epoxy composite structure using the plastic bead

blant process.

?. Means of protecting graphite/epoxy composite matrix cracking from the

plastfc bead blast paint removal prorpss such as protective outer film plies or

chernically softening the paint coatinqs prior to plastic bead blasting should he

evaluated.
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APPENDIX A

* FATIGUE DATA

All of the fatigue data generated during this program
are shown in this section. These data are shown in
both tabular and graphical form.
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TABLE Al
FATIGUE RESULTS FROM BASE MATERIAL

Material: 7075-T6 Alclad Alumilnum Thin Skin Honeycomb

Test Condition: Room Temperature; Stress Ratio (R) - 0.3

Specimen Max. Stress Fatigue-Life Remarks
Ntumber (KSI) (Kilocycles)

4B 50 33.3 crack initiation at machined edge
3A 50 55.2
5B 45 68.5 crack initiation at machined edge
6A 45 96.0 crack Initiation at machined edge
6B 45 98.5 crack initiation at machined edge
7A 40 146.0
lB 40 172.0 crack initiation at machined edge
5A 36 262.0
7B 34 574.0
4A 32 2430.0 crack initiation at lip on

machined edge
8A 32 783.0
8B 32 8920.0

47A 32 360.0 crack initiation at lip on
machined edge

47B 32 5350.0 crack initiationat machined edge
3B 30 10500.0 did not fail
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TABLE A2
FATIGUE RESULTS AFTER PAINT REMOVAL USING

38 PSI NOZZLE PRESSURE

SMaterial: 7075-T6 Alclad Aluminum Thin Skin Horaycomb
Test Condition: Room Temperature; Stress Ratio (R)- 0.3

Specimen Max. Stress Fatigue Llfe Remarks

Number (KSI) (Kilocycles)

1 PAINT REMOVAL

14B 45 78.0 crack initiation at lip on
machined edge

17B 45 56.7
12B 45 53.9 crack Initiation at lip on

machined edge
14A 32 21200.0 did not fail
12A 32 1830.0 failed at bonded grip tab
17A 32 79.7
31A 32 12900.0 did not fail
31B 32 3350.0
55A 32 13500.0 did not fail
55B 32 1580.0 failed at bonded grip tab
33A 32 12400.0 did not fail
33B 32 13600.0 did not fail

2 PAINT REMOVALS

32B 45 61.8
34B 45 98.2
53A 45 36.7
32A 32 13100.0 did not fail
34A 32 13300.0 did not fail
53B 32 13500.0 did not fail

3 PAINT REMOVALS

24A 45 24.4
18A 45 53.4 crack initiation at flaw on

machined edge
9B 45 36.4 crack initiation at flaw on

machined edge
24B 32 385.0
18B 32 370.0

9A 32 511.0 crack initiation at flaw on
machined edge
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TABLE A2 - Continued

Specimen Max. Stress Fatigue Life Remarks
Number (KSI) (Kilocycles) .

4 PAINT REMOVALS

1OB 45 14.7
388 45 13.1 crack initiation at visible

surface dent
488 45 33.9
67A 45 44.3
IOA 32 92.1
38A 32 310.0
67B 32 100.0
48A 32 10554.0 did not fall

1 PAINT REMOVAL OF 5 COATS OF PAINT

45B 45 61.0 crack initiation at flaw on
machined edge

58A 45 51.0

36B 45 56.5
45A 32 5810.0 failed at bonded grip tab
36A 32 121.0
58B 32 2560.0 failed at bonded grip tab
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TABLE A3
FATIGUE RESULTS AFTER PAINT REMOVAL USING

60 PSI NOZZLE PRESSURE

Material: 7075-T6 Alclad Aluminum Thin Skin Honeycomb
Test Condition: Room Temperature; Stress Ratio (R)- 0.3

Specimen Max. Stress Fatigue Life RemarksNumbe~r .. (KS.I) . (Kilocycles)

I PAINT REMOVAL

13A 45 85.6
41B 45 62.9
42A 45 69.4
13B 32 193.0 crack initiation at lip on

machined edge
41A 32 38600.0 did not fail
42B 32 703.0 crack initiation at lip on

machined edge

2PAINT REMOVALS

11B 45 36.5 crack Initiation at visible
surface dent

50B 45 78.0
65B 45 58.8 crack initiation at visible

surface dent
11A 32 4910.0
50A 32 153.0 crack initiation at lip on

machined edge
65A 32 213.0 crack initiation at lip on

machined edge

3 PAINT REMOVALS

51A 45 61.7
61A 45 60.6
66A 45 68.9
51B 32 11400.0 did not fail
61B 32 10600,0 did not fail
66B 32 528.0 failed at bonded grip tab
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TABLE A3 - Continued

* Sperimen Max. Stress Fatigue Life Remarks
Number (KSI) (Kilocycles)

4 PAINT REMOVALS

* 358 45 56.0
57B 45 114.0 crack initiation at flaw on

machined edge
63B 45 77.9 crack initiation at flaw on

machined edge
35A 32 211.0 failed at bonded grip tab
57A 32 403.0 failed at bonded grip tab
63A 32 430.0 failed at bonded grip tab

I PAINT REMOVAL OF' 5 COATS OF PAINT

52B 45 32.4
59B 45 79.5
600 45 77.9
52A 32 832.0 failed at bonded grip tab
59A 32 10400.0 did not fail
60A 32 10900.0 did not fail

410
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TABLE A4

FATIGUE RESULTS FROM BASE MATERIAL

Material: 7075-T6 Sulphuric Acid Anodized (.063 Sheet)
Test Condition: Room Temperature; Stress Ratio (R) - 0.1

Specimen Max. Stress Fatigue Life Remarks
-Number (KSI) (KiIocycles)

TB-i 40 29.2 crack initiation at machine edge
LB-7 40 61.7
LB-14 39.2 77.9 crack initiation at machine edge
LB-1i 38 77.1 crack initiation at machine edge
TB-2 35 237.0
TB-3 35 115.0
LB-9 35 2530.0 failed at bonded grip tab
LB-3 34.3 1310.0
LB-i0 34.3 149.0 crack initiation at machine edge
LB-12 32.3 808.0 failed at bonded grip tab
LB-13 32.3 68.1 crack initiation at machine edge
LB-15 32.3 36.2
TB-4 32 76.1 crack Initiation at machine edge
LB-2 32 10000.0 did not fail
TB-2 30 5840.0 did not fail
LB-1 30 254.0
LB-5 30 10100.0 did not fail
LB-8 30 13200.0 did not fail
LB-4 28 187.0 crack Initiation at machine edge
LB-5 25 11100.0 did not fail

NOTE: For these specimens where the crack
initiated at the machine edge, there
were no burrs or lips present.
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TABLE A5
FATIGUE RESULTS AFTER ONE PAINT REMOVAL USING

38 PSI & 60 PSI NOZZLE PRESSURES

Material: 7075-T6 Sulphuric Acid Anodized (.063 Sheet)
Test Condition: Room Temperature; Stress Ratio (R) - 0.1

Specimen Max. Stress Fatigue Life Remarks

Number (KSI) (Kilocycles)

38 PSI NOZZLE PRESSURE

SA-1 40 144.0 crack initiation on paint removal
side

SA-2 40 94.8 same as above
"SA-3 40 95.7 same as above
SA-7 33 589.0 same as above
SA-B 33 328.0 same as above
SA-4 32 196.0 same as above & at machine edge
SA-5 32 388.0 failed at bonded grip tab
SA-6 32 199.0 crack initiation on paint removal

side

60 PSI NOZZLE PRESSURE

SA-12 40 error in cycles crack initiation on paint removal
to failure side & at machine edge

SA-14 40 7940.0 crack initiation within specimen
thickness

SA-9 32 10300.0 did not fail
SA-i1 32 10000.0 did not fail
SA-13 32 10000.0 did not fail
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APPENDIX B

COMPOSITE DATA

iAll of the tensile and flexure data generated
during this program are shown in this section.
"These data are shown in both tabular and
graphical form.

b :o

107

02,',..%-w.



AFWAL-TR-85-4138

' I,0 0

(T GH SS•IIIIN3 V

cy 41

40-

S108

t.

.4-

4i '•: ,,; • • ,, :• •: :.• ,• :;• •'.• , ,•, ,,' '• • -,• ,; 2,• " ;. , ,' , ; ,., .. .• .2, 4t, .•.•,i• 2 ,,• • i•,, ,•, .• .:•. • ; u • ,b v .• ,, .•,.,.:..:,.,• ..,I-,,



A FWAL-TR-85-41 38

0-4

40

109



AFWAL-TR.-85-41 38

,4

Q SX) SMJ-1S 371SN31. XVW

l110



AFWAL-TR-85-41 38

V a1

IN Io
V r1

0

1111

LL..

0,4 -4' D4

Cisw') Snifloow 31ISN3J.



AFWAL-TR-85-4138

w5w

Lo>0

6-

SI-

- I

'44

U,.9-

m

uj
z I-

-. 5a 01ý0'0

(ISM) SS381S 31ISN3. )(VH

11 2



AFWAL-TR-85-41 38

H 'inn
_ €}

SC

IN >

S+1

-4J

(fl o

a.a

~ /
CD4

aK *a%. al lZl .

O• GT 0 "ZT 0 6 " 0 . "9 0 "B 0 0

" .c .~~ IS Iw ) s ln lln o o w "-1 1IS N 3 .1

113

a,. 

.

,,> ',"-" ." .' ¢ ,',,' < -.> .,'.•.'... . ..-. ,...•v > > ••> -.,> •,.,> ... .. ,•', ,,,• ., , ... ,, ,-,,.•..,,•.,•,,,... . ... ,,. ..



AFWAL-TA-85-41 38 dl 0

04

co,

4r-M

5A-
0 wt a -n 0-gia A491 0 T 9 w

(ism)ssaNS X3A xz

114V



AFWAL-TR-85-41 38

4J

4J4

LL.

0

4J

ca-

(IL

1 A 1cm

I-1

_ _ _ _ _ _ _o

U)
98 0w

41,

~C



AFWAL-TR-85-41 38

Hw

v CDii I IJ

-d

Li.

(I.S). 31S 3.- Y

1-4

t4-)

(ISM4) SS361S X31J XVWr

1 116



AFWAL-TR-85-41 38

L..

of-.

XLn

II, L&.

UC

goo~ 0 S "a00

(ISM') SS38.LS NV3HS X31U XYN
NMI

117



AFWAL-TR-85-41 38

I I

C;C

ot

bi 
'4-

LO)

LA.

-i ivea aGiv A vnn

118

0X



* AFWAL-TR-85-4138

*1C

CDC

l- S O

C W I

Li)

N+ N L LL

Cleo~~~ 190a91 r oo)

AIIIIMOW~ UmI-3uinn

H- 1i9

Ok ' . ... .



AFWAL-TR-85-41 38

p Im

WI SI

LUU

C4 
4

00

X

(I,

LL.

LA-
'0

to 0

120

K *L



AFWAL-TR-85-41 38

LUD

LUJ

LLJ

N $L

~j¾'

00 1110 olo eco 110 000

=i ivmdanijBniw

I.- 121



AFWAL-TR-85-41 38

0

4 0)

p4O

I 4-
LU,

z
LLU CIO

Cl)3

LIJ

LL 1

00l 2810 IOI 09.0 tl 10 0010

A ~~A±IIISY86Od uflivi 3AI.v~flnflo

4 122



AFWAL-Th-35-41 38

V)

Lo 0 z

-gel'

0 0

V) NO

LUJ

Crcc

Ldi
ClS.

9910 110 0. 1 0 ~r6000 o

LUiymdBizj3iynn

V. 4 123



AFWAL-TR-85-41 38

TABLE BI

COMPOSITE PANELS (AS4/3501-6)

Panel Group Fiber Type of Nr. ofNr. Designation Orientation est Specimens

5 D [0/045/0/90/0] Tensile 40 (1)
S

9 E [90/O/t45/O/9o• Tensile 40 (1)
s

6 F [±45/0 2/90/0)s Tensile 40 (1)
7 L [0/045/0/90/0Js 4 Point 80 (2)

Flexure
8 M Et45/0 2/90/0) 4 Point 80 (2)

Flexure
14 N Unidirectional .06 4 Point 40 (1)

(12 p11es) Flexure
14 0 Unidirectional -900 4 Point 48 (1)

"(12 plies) Flexure

(1) Panel equally divided into 8 groups for: baseline; multi-coat and1 paint removal (38 PST);1 paint removal (38 & 60 PSI); 2 paint
removals (38 & 60 PSI) 'Paint removals (38 & 60 PSI).

(2) Panel equally divided into 8 groups for: baseline; 1 paint removal
(38 PSI) on tension side and on compression side of specimens;
2 paint removals (38 & 60 PSI); 4 paint removals (38 & 60 PSI).
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TABLE B2
TENSILE TEST RESULTS ON AS11/3501-6

FIBER ORIENTATION [O,÷/-45,O,90,Ojs

Speoimen No. of Removal$ & Ult Stress Initial Modulus
No. Nozzle Pressure (PSI) (KSI) (KSI)

ID-B BASELINE 177,30 13.18
D-B2 BASELINE 132.43 12.57
o-B:• BASELINE 130.89 10.64
D-B4 BASELINE 124.87 10.70
D-B5 BASELINE 173.53 13.66

AVERAGE 147.81 12.15
STANDARD DEVIATION 25,40 1.40
mmmullmmummmuuummmmmmmmmamummumuluummummumlummlmlmlmummmlmlmmmlmmlllm

D-IA1 ONE 0 38 166.94 12.25
D-IA2 ONE 0 38 145,67 10.45
D-IA3 ONE 0 38 139.08 10.11
D-1A4 ONE f 38 126.86 10.87
D-IA5 ONE 0 38 160.60 12.28

AVERAGE 147.83 11.19
STANDARD DEVIATION 16.19 1.01

D-UA1 ONE 0 f 38 in... 14.41
D-UA2 ONE 10 38 145.23 14.42
D-UA3 ONE 0 0 38 142.70 10.69
D-UA4 ONE 0 38 144.17 9.72
D-UA5 ONE 0 * 38 ---- 11.76

AVERAGE 144.04 12.20
STANDARD DEVIATION 1.27 2.15

# MULTI-PAINT COATS

D-IIAl TWO 0 38 158.81 12.13
D-IIA2 TWO 0 38 134.90 11.78
D-1IA3 TWO 0 38 138.99 11.27
D-IIA4 TWO Q 38 129.98 10.80
D-11A5 TWO 0 38 177.26 12.52

AVERAGE 147.99 11.70
STANDARD DEVIATION 19.69 0.68

125

%~S~S



AFWAL-TR-85-4138

TABLE B2 (continued)

Specimen No. of Removals & Lilt Stress Initial Modulus
No. Nozzle Pressure (PSI) (KSI) (KSI)

D-IVA1 FOUR 0 38 151.08 11.79
D-IVA2 FOUR 0 38 10.04
D-IVA3 FOUR 0 38 --- 9.57
D-IVA4 FOUR 1 38 141.31 11.49
D-IVA5 FOUR 0 38...

AVERAGE 146.20 10.72
STANDARD DEVIATION 1 .08

D-IB1 N 06 162.03 12.46

D-132 ONE 0 60 141.05 11.16
D-183 ONE 0 60 136.73 11.88
D-1B4 ONE # 60 132.43 9.77
D-IB5 ONE C 60 160.60 12.02

AVERAGE 146.57 11.46
* STANDARD DEVIATION 13.81 1.05

D..IIB1 TWO 0 60 Mft12.80
fl-11B2 TWO 0 60 138.00 11.49
D-11B3 TWO 0 60 140.74 9.78
D-1194 TWO 0 60 134.87 10.26
D-1185 TWO 0 60 164.88 12.33

AVERAGE 144 .62 11 .33
STANDARD DEVIATION 13.72 1.30

D-IVB1 FOUR 0 60 165.54 --
DaIVB2 FOUR 1 60 127.68 11.34

.4 D-IVB3 FOUR 0 60 104.78 10.31
D-IVB4 FOUR N 60 146.72 11.16
D-IVD5 FOUR 0 60 179.04 13.24

AVERAGE 144.75 11 .51
STANDARD DEVIATION 29.59 1.24
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TABLE B3
TENSILE TEST RESULTS ON AS4/3501-6

FIBER ORIENTATION [90,O,÷/-45,O,901S

Specimen No. of Removals & Ult Stress Initial Modulus
No. Nozzle Pressure (PSI) (KSI) (KSI)

E-Bi BASELINE 139.90 11.51
E-B2 BASELINE 107.79 9.20

BASELINE 102.44 8.39

E-B4 BASELINE 108.09 8.83
E-B5 BASELINE 134.20 9.17

AVERAGE 118.48 9.42
STANDARD DEVIATION 17.22 1.22

E-IA1 ONE D 38 135.39 10.42
E-1A2 ONE 0 38 113,03 8.39
E-UA3 ONE 0 38 106.25 7.74
E-1A4 ONE 0 38 104.30 8.74
E-UA5 ONE 0 38 128.02 8.22

AVERAGE 117.40 8.70
STANDARD DEVIATION 13.71 1.03

E-UA1 ONE 0 38 96.22 9.39
E-UA2 ONE 0 38 118.95 9.59
E-UA3 ONE @ 38 111.42 7.80
E-UA4 ONE @ 38 111.34 8.44

NE-IA5 OE 0 38 131 .16 8.93
AVERAGE 113.82 8.87
STANDARD DEVIATION 12.74 0.77

MULTI-iPAINT COATS

E-IIA1 TWO 0 38 133.76 9 .33
E-11A2 TWO @ 38 122.54 8.10
E-11A3 TWO @ 38 115.22 7.40
F-IIA4 TWO e 38 107.45 8.19
E-I1A5 TWO 0 38 128.36 8.57

AV E IlAG E 121 .47 8 .32
STANDARD DEVIATION 1710.43 0.71
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TABLE B3 (oontinued)

Specimen No. of Removals & Ult Stress Initial Modulus
No. Nozzle Pressure (PSI) (KSI) (KSI)

E-IVA1 FOUR 0 38 131.31 8.97
E-IVA2 FOUR 0 38 102.29 7.65
E-IVA3 FOUR 0 38 105.93 7.58
E-IVA4 FOUR 0 38 114.59 7.08
P.Tif FOUR 0 38 131.53 8.14

AVERAGE 117.13 7.89
STANDARD DEVIATION 13.79 0.71

E-IB1 ONE 0 60 113.87 7.76
E-IB2 ONE 0 60 134.57 9.73
E-TB3 ONE 0 60 112.88 3.63
E-IB4 ONE 0 60 113.46 7.51
F-I35 ONE # 60 115.99 9.20

AVERAGE 118,15 8.57
STANDARD DEVIATION 9.25 0.94

E-IIB1 TWO 0 60 132.54 8.41
E-T1B2 TWO 0 60 110.03 8.84
E-1IB3 TWO 0 60 110.89 7.83
E-lIB4 TWO 0 60 122.74 7.78
E-IIB5 TWO @ 60 133.53 8.83

AVERAGE 121,95 8,34
STAYDARD DEVIATION 11.31 0.52
•Z :22•IUUIUUIUl3UI2535l255I52II335I223I5IIEII•IIIIIIbII23lllI5UI33I2U

E-IVE! FOUR 0 60 133.50 9.44
E-.IVB2 FOUR 0 60 110.93 7.61
E-IVB3 FOUR 0 60 105.95 7.67
E-IVB11 FOUR # 60 105.65 7.59
E-EVB5 FOUR 0 60 109.73 9.07

AVERAGE 113-15 8.28
ATANDARD DEVIATION 11.60 0.91

128
" • • .' '..-" * ."



AFWAL-TR-85-41 38

•! TABLE B4

TENSILE TEST RESULTS ON AS3/3501-6
FIBER ORIENTATION (÷/-45,O,O,90,O]s

Specimen No. of Removals & Ult Stress Initial Modulus
No. Nozzle Pressure (PSI) (KSI) (KSI)

F-B1 BASELINE 178.34 12.89
F-B2 BASELINE 131.84 12.08
F-B3 BASELINE 133.62 11.48
F-B4 BASELINE 138.01 11.46
F-B5 BASELINE 175.02 13.33

AVERAGE 151.37 12.25
SSTANDARD DEVIATION 23.25 0.84

F-IA1 ONE 0 38 184.65 12.92
F-IA2 ONE 0 38 148.50 10.94
F-IA3 ONE 1 38 142.82 10.35
F-IA4 ONE 0 38 142.84 10.07
F-IA5 ONE 0 38 161.82 12.65

AVERAGE 156.12 11.39
STANDARD DEVIATION 17.73 1.32
33aXXu:333XXUXU3233323532E38E333333333.3.33322333333g.3U EUEEEUU3*333x

"F.-UAI ONE 0 A 38 ---- 11.70
F-UA2 ONE 0 38 137.36 10.90
F-UA3 ONE 1 38 126.66 11.12
F-UA4 ONE * A 38 144.05 11.51
F-UA5 ONE 0 38 170.79 12.69

AVERAGE 144.71 11ý159
STANDARD DEVIATION 18.80 0.110

M MULTI-PAINT COATS

F-IIA1 TWO e 38 154.63 13.46
% F-IIA2 TWO 0 38 127.48 9.94

F-1IA3 TWO A 38 127.34 1.47
F-IIA4 TWO 0 38 134.62 1O.70
F-11A5 TWO A 38 173.34 12.74

AVERAGE 143.48 11.68
STANDARD DEVIATION 20.07 1.43
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TABLE 84 (continutd)

Specimen No. of Removals & Ult Stress Initial Modulus
No. Nozzle Pressure (PSI) (KSI) (KSI)

F-IVA1 FOUR 0 38 176.54 14.60
F-IVA2 FOUR 9 38 145.80 13.91
F-IVA3 FOUR 9 38 147.47 10.34
F-IVA4 FOUR @ 38 14P.23 13.11

FOUR 6 38 175.22 12.86

AVERAGE 157.45 12.97
SSTANDARD DEVIATION 16.94 1.62

3323222233 233233333333 3333U333U3333333*3U35 IUU 33 'U 32333U3 3 3333 mount

F-IB1 ONE 9 60 170.14 11.23
F-IB2 ONE 9 60 150,16 11.97
F-IB3 ONE 9 60 127,91 9.24
F-IB4 ONE 9 60 134.80 11.28
F-IB5 ONE 0 60 170.44 12.55

AVERAGE 150.69 11,26
STANDARD DEVIATION 19.62. 1.25

7-IIB1 TWO @ 60 193,84 13,25
F-IIB2 TWO 0 60 142.71 10.18
F-IIB3 TWO 9 60 133.17 10.47
F-,T34 TWO 0 60 136.26 10.48
F-IIB5 TWO 9 60 170.45 12.16

AVERAGE 155.28 11.31
STANDARD DEVIATION 26.10 1.34

F-IVB1 FOUR 9 60 151.91 14.37
F-IVB2 FOUR 9 60 143.74 12.13
F-IVB3 FOUR 9 60 121.22 10.77
F -XVB4 FOUR 0 60 133.76 10.49
F-XVB5 FOUR 0 60 168,32 13.65

AVERAGE 143.79 12.28
S2A1,11DARD DEVIATION 17.37 1 .71
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TABLE B5
FLEXURAL TEST RESULTS ON AS4/3S01-6.3 UNIDIRECTIONAL - 00 FIBER ORIENTATION

Specimen # of Removal& 0 Flexural Apparent Shear Fail.ure
No. Nozzle Pressure, Strength Strength Modes (a)

(PSI) (KSI) (KSI)
N 3u3323u33E3UU3UUMUEUUBS|BSR~mDB3UUI3U3UUU3U SS333U3UU333fl33U3I33U33U3333U

N-S1 BASELINE 300.70 ---- T,C
N-B2 BASELINE 229.83 T,C
N-B3 BASELINE 304,78 .... TC
N-B4 BASELINE 240.00 ---- T,C
N-B, BASELINE 236.61 ---- TC

AVERAGE 262.38
STANDARD DEVIATION 37.05
a:. *33,3,3,U,,,333,,,,3,,,,33,,33333,,3S3,U,333333333333*333,,33,533,3=23

N-IA1 ONE I 38 268.79 T,C
N-IA2 ONE 0 38 243.87 T,C
N-IA3 ONE I 38 226.75 T,C
N-IA4 ONE 0 38 267.01 ---- T,C
N-IA5 ONE @ 38 275.04 ---- T,C

AVERAGE 256.29
STANDARD DEVIATION 20.31

N-IIAl TWO @ 38 301.56 T,C
N-IIA2 TWO 0 38 248.95 ---- T,C
N-IIA3 TWO @ 38 222.02 ---- T,C
N-IIA4 TWO 0 38 227.70 ---- T,C
N-IIA5 TWO 0 38 285.40 ---- T,C

AVERAGE 257.12
STANDARD DEVIATION 35.14

N-IVA1 FOUR 0 38 278.32 ---- T,C
N-TVA2 FOUR 0 38 240.16 ---- T,C

"" N-CVA3 FOUR 0 38 199.83 ---- T,C
N-IVA4 FOUR 0 38 188.43 T,C

SN-IVA5 FOUR 0 38 266.56 ---- T,C

AVERAGE 234.66
STANDARD DEVIATION 39.70
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TABLE B5 (continued)

Specimen 0 of Removals 0 Flexural Apparent Shear Failure
No. Nozzle Pressure Strength Strength Modes (a)

(PSI) (KSI) (KSI)
l lilllilllllllliilllliililllilllililllllliilllil**a~ulilllilllililuilll

N-IB1 ONE 0 60 272.58 ... TC
N-IB2 ONE 0 60 223.65 T,C
N-183 ONE @ L1 228.32 TC
N-IB4 ONE 0 60 244.60 TC
!I.TQC ONE 0 60 281,25 T,C

AVERAGE 250.08
STANDARD DEVIATION 25.88
Illlu.lulllU3lllUllllillllllllilllllllll3UI3lllllSlllllllllllllll3lllllll

N-IIBI TWO 0 60 303.47 T,C
N-IIB2 TWO 0 60 227.84 T,C
N-1IB3 TWO 0 60 208.86 T,C
N-IIB4 TWO 0 60 235.33 TC
N-IIB5 TWO 0 60 295.29 ---- T.,C

AVERAGE 254.16
STANDARD DEVIATION 42.49
Iuullllllllllllllll3llUlllllililililillil3iiliill3iUUilUiilllilllllllllll

N-IVB1 FOUR 0 60 270.21 TC
N-IVB2 FOUR 0 60 239.53 ---- T,C
N-IVB3 FOUR Q 60 200.74 T,C
N-IVB4 FOUR 0 60 206.35 TC
N-TVB5 FOUR 0 60 281.37 TC

A,,iRAGE 239.64
STANDARD DEVIATION 36.39

(a) T - Failure on tensile side of specimen
C - Failure on oompression side
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TABLE B6
FLEXURAL TEST RESULTS ON AS4/3501-6

UNIDIRECTIONAL - 900 FIBER ORIENTATION

Specimen # of Removals @ Flexural Apparent Shear Failure
No. Nozzle Pressure Strength Strength Modes (a)

(PSI) (KSI) (KSI)

O-BI BASELINE 8.25 .... T
O-B3 BASELINE 8.64 T
O-B4 BASELINE 8.60 ... T
V kJBASELINE 8.02 T

AVERAGE 8.38
STANDARD DEVIATION 0.30

0-IA1 ONE 0 38 9.77 T
O-IA2 ONE .Q 38 9.06 ..a. T
O-IA3 ONE Q 38 8.08 .... T
O-IA4 ONE Q 38 7.49 T
O-IA5 ONE 0 38 7.32 T

AVERAGE 8.34
STANDARD DEVIATION 1.05
33IUUIIIU3IIIIIUIUIIUIUSSlIUIUIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

0-IIA1 TWO 0 38 7.21 T
0-IIA2 TWO 0 38 6.11 T
O-1IA3 TWO I 38 7.90 a... T
O-IA4 TWO 0 38 7.56 wT
O-IIA5 TWO 0 38 6.11 T
O-IIA6 TWO 0 38 7.31 T

AVERAGE 7.03
STANDARD DEVIATION 0.76

0-IVA1 FOUR 0 38 8.61 aaaT

O-IVA2 FOUR # 38 7.32 T
0-IVA3 FOUR 0 38 6.97 T
0-IVA5 FOUR 0 38 8.06 T
O-IVA6 FOUR 0 38 8.24 .... T

,V r,,AG E7.84
STANDARD DEVIATION 0.68

IX..
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TABLE B6 (continued)

S: speotmen I of Removal$ e Flexural Apparent Shear Failure
No. Nozzle Pressure Strength Strength Modes (a)

(PSI) (KSI) (KSI)

0-101ONE 1 60 8.25 - T
"0o-12 ONE o 60 9.11 .... T
0m183 ONE 0 60 8.414 mama T
0-185 ONE 0 60 9.23 ...- T
O-B6 ONE 0 60 7.85 ---- T

AVERAGE 8.58
STANDARD DEVIATION 0.58

0- iBi TWO i 60 8.05 ---- T
O.11B2 TWO 0 60 7.06 m..a T
0-I1B3 TWO 0 60 7.22 T
OaZIB4 TWO 0 60 7.22 ----m T
0-1185 TWO 0 60 8.45 --ma T
O-IIB6 TWO 0 60 6.41 ammT

AVERAGE 7.40
STANDARD DEVIATION 0.73
Iglllluu IIImu111111111ululllll ulllimllllllllllllulluaIIullllllllmlllllllU

O-IVB1 FOUR 0 60 7.43 mT T
O-IVB2 FOUR 0 60 7.21 --- m T
O-IVB3 FOUR * 60 6.49 T !"
O-IVB4 FOUR 0 60 6.58 ---m- T
0-IVB5 FOUR @ 60 7.89 in--- T
O-IVB6 FOUR 0 60 7.54 mam- T

AVERAGE 7.19
STANDARD DEVIATION 0.55

(a) T- Failure on tensile aide of specimen
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TABLE B7
FLEXURAL TEST RESULTS ON A34/3501-6

FIBER ORIENTATION [O0+/-45,O99OO]5

Specimen # of Removals 0 Flexural Apparent Shear Failure
No. Nozzle Pressure Strength Strength Modes (a)

(PSI) (KSI) (KSI)

L-B1 RASELINE ---. 5.88 S,C
L-B2 BASELINE 151.19 ... a T
L-B3 BASELINE 157.88 .... T,C

l- l BASELINE 157.14 .... T,C
L-B5 BASELINE .... 5.73 SC
L-B6 BASELINE .... aa T
L-B7 BASELINE 167.38 TC
L-B8 BASELINE 162.18 ---- TIC
L-B9 BASELINE 165.48 TIC
L-BlO BASELINE 171,20 TC

AVERAGE 161.78 5.81
STANDARD DEVIATION 6.87
MuUUUlmUUluluualhUluuuuuuuluuuuuuuuauua~umuumuluuuaiuauuumi~muuuuullauuma

L-IA-C1 (b) ONE * 38 191.21 .--- T
L-IA-C2 ONE 0 38 .a..a.a. C
L-IA-C3 ONE 0 38 142.39 ma-- T
L-IA-C4 ONE * 38 139,24 .a.. T
L-IA-C5 ONE 0 38 165.58 .... T
L-IA-C6 ONE 0 38 .... 5.06 S
L-IA-C7 ONE 0 38 153.99 m... T
L-IA-C8 ONE @ 38 149.57 ma.. T
L-IA-C9 ONE 0 38 144.12 ---- T
L-IA-ClO ONE 0 38 171.10 .... T

AVERAGE 157.15 5.06

STANDARD DEVIATION 17.74

L-IA-T1 ONE 0 38 -- 4.96 S
L-IA-T2 ONE 0 38 137.44 ... T
L-IA-T3 ONE 0 38 142,41 T
L-IA-T4 ONE 0 38 148.77 ---- T
L-IA-T5 ONE 0 38 171.44 aaa T
L-IA-T6 ONE 0 38 ---- 4.31 5
L-IA-T7 ONE 0 38 133.55 ---- T
L-IA-T8 ONE 0 38 146.41 .... T
L-IA-T9 ONE 0 38 --- a 5.16 3,CT

--T-0 ONE 0 38 5.44 5

.VFROPG 146.67 4.97
STANDARD DEVIATION 13.37 0.48
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TABLE B7 (continued)

Specimen I of Removals Q Flexural Apparent Shear Failure
No. Nozzle Pressure Strength Strength Modes (a)

(PSI) (KSI) (KSI)

L-IIA1 TWO 0 38 m--- 4.69 S CTL-IIA2 TWO 0 38 137.20 -o'" TC
L-IIA3 TWO 0 38 146.74 ---- TC
L-IIA4 TWO 0 38 155.00 mmmm TC
L-IIA5 TWO 0 38 159.57 .... TC
L-IIA6 TWO 0 38 163.80 ---- T C
L-fIA7 TWO 0 38 133.51 TC
L-IIA8 TWO * 38 138.45 ---- TC
L-IIA9 TWO 0 38 144.38 mm.. T,O
L-IIA1O TWO 0 38 167.76 ---m ToC

AVERAGE 149.60 4.69
STANDARD DEVIATION 12.41
*IEJUlllUllllUUUlllllllUlllllUUlUlllllulllllllllilllllllluuhlulllllllllllm

L-IVAI FOUR 0 38 183.52 .... TC
L-IVA2 FOUR 0 38 148.00 ... m TC
L-IVA3 FOUR 0 38 144.23 ... T,C
L-IVA4 FOUR 0 38 159.03 .... T,C
L-IVA5 FOUR 0 38 169.90 .... T,C
L-IVA6 FOUR 38 181.57 .... T
L-IVA7 FOUR * 38 150.52 .mmm T
L-IVA8 FOUR 0 38 140.50 ---- TC
?.-IVA9 FOUR 0 38 146.79 mm.m T,C
L-IVA1O FOUR 0 38 160.87 --- T,C

AVERAGE 158.49
STANDARD DEVIATION 15.39

L-IB1 ONE 0 60 6.00 S C

L-IB2 ONE 0 60 147.33 .... TC
L=IB3 ONE 0 6U 141.87 .... TC
L-IB4 ONE 0 60 138.51 ---- TC
L-IB5 ONE 0 60 -mmm 5.85 S C,T
L-IB6 ONE 0 60 181.35 TC
L-IB7 ONE * 60 134.21 ---- TC
L-IB8 ONE 0 60 144.55 ---- T TC
L-189 ONE 0 60 154.37 .... TC
L-I910 ONE 0 60 169.10 ---- TOC

AVERAGE 153.91 5.92
STANDARD DEVIATION 14.62
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TABLE B7 (continued)

Specimen # of Removals * Flexural Apparent Shear Failure
* No. Nozzle Pressure Strength Strength Modes (a)

"(PSI) (KSI) (KSI)umlnlullillllllllllllllllillllllhnlllnlllllllhllllllllllllllllllllllllllll

L-1IB1 TWO 0 60 143.51 .... T.,C
L-1182 TWO # 60 137.60 MN--- TC
L-IB3 TWO 0 60 148.39 T,C
L-IIB4 TWO 0 60 160.38 ---- T,C
L-I!BS TWO 1@60 1.38..40 ... T
L-1IB6 TWO # 60 161.,42 .... TC
L-IIB7 TWO 0 60 133.35 -In- T,C
L-lIB8 TWO 0 60 128.52 ....- TC
L-lIB9 TWO 0 60 148,52 ---- TC
L-I1B1O TWO 0 60 .... 4.95 SIC

AVERAGE 144.45 4.95
STANDARD DEVIATION 11,37

L-IV91 FOUR 0 60 .--- 4.76 SC
L-IVB2 FOUR 0 60 131.98 --M- TC
L-IVB3 FOUR 0 60 139.77 .... TC
L-IVB4 FOUR # 60 158.61 ..... TC
L-IVB5 FOUR 0 60 149.86 ---- TC
L-IVB7 FOUR 0 60 147.65 .... T
L-IVB8 FOUR 0 60 133,51 .... TIC
L-1VB9 FOUR 0 60 137,B9 .... T
L-IVB1O FOUR 0 60 --- 4.98 S,C,T

AVERAGE 142.68 4.87
STANDARD DEVIATION 9.70

(a) T - Failure on tensile side of aptoimn
C - Failure on oomprasslon side
S - Shear failure

(b) Compression stress on patnt removal side of specimen
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TABLE B8
FLEXURAL TEST RESULTS ON AS4/3501-6
FIBER ORIENTATION [t.445,OO,90,O1s

Specimen # of Removals I Flexural Apparent Shear Failure
No. Nozzle Pressure Strength Strength Modes (a)

(PSI) (KSI) (KSI)

M-B1 BASELINE M-- 5.05 S
M-B3 BASELINE mm.. 4.42 5
M-B4 BASELINE 142.54 =IN=; T
M-B5 BASELINE .... 5.50 S
M-B6 BASELINE .... 5.24 S
M-BB BASELINE 158.30 .... T
M-B9 BASELINE m.m. 14.35 5
M-B1O BASELINE .... 5.31 S

AVERAGE 150.42 4.98
STANDARD DEVIATION 0.118

M-IA-C1 (b) ONE 1 38 .M.. 4.17 S
M-IA-C2 ONE * 38 .... ' 3.28 S
M-IA-C3 ONE * 38 ---- 3.46 S
M-IA-C5 ONE # 38 ---- 4.19 S
M-IA-C6 ONE 9 38 ---- 3.70 S
M-IA-C8 ONE 0 38 .... 3.41 3
M-IA-C9 ONE 0 38 .... 3.43 S
M-IA-C1O ONE * 38 .... 3.96 S

AV ER AGE 3.70
STANDARD DEVIATION 0.36
=::g:::u2U'- 3E u3U:3uuIINI••IlIB~BNBUUuR3UUUfRl3UUBu.3wuuu23ua3U3EW~E3UUE33uuBBR

M-TP-T1 ON~E 0 38 4nm 4.41 S
M-TA-T2 ONE 0 38 103.70 Tm
NMIA-T3 ONE Q 38 113.19 mmmT

M-IA-T4 ONE 1 38 ----m 3.a59 S
NMIA-T5 ONE 1 38 mmmmt 4.34 S
M-IA-T6 ONE 0 38 --- 4.12 S
MmIA-T7 ONE 1 38 115.63 mmmT

M-IA-TS ONE 0 38 mme3.50 3
M-IA-T9 ONE * 38 mm-mm 3.51 11
M-IAmT1O ONE 38 .4,02

AVERAGE 11U.84 3.93
STANDARD DEVIATION 6.31 C3~
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TABLE B8 (continued)

Specimen # of Removal$ 0 Flexural Apparent Shear Failure
No. Nozzle Pressure Strength Strength Modes (a)

(PSI) (KSI) (KSI)
uulm:mlzu:.uuu i g2Zgiul UMll:3UuUlllUllllullmuu.:ullzulll33::::::s:{:3zu

M-1IA1 TWO 0 38 -- -- 4.49 S
M-IIA2 TWO I 38 " 3.56 S
M-IIA3 TWO 0 38 3.75 S
M-IIA4 TWO 0 38 3.80 $
M-IIA5 TWO 0 38 ---- 4.26 S
M-IIA6 TWO I 38 --- M 4.00 S
M-11A7 TWO 0 38 --- 3.48 S,
M-1IA8 TWO 0 38 ---- 3.46 S
M-IIA9 TWO 0 38 .... 3.55 S
M-IIA1O TWO I 38 .... 4.10 S

AVERAGE 3.84
STANDARD DEVIATION 0.36

M-IVA1 FOUR 1 38 ... 4.59 5
M-1VA2 FOUR 0 38 104.07 T
MtIVA3 FOUR 0 38 3.28 S,T
M-IVA4 FOUR 1 38 --- 3.36 S
M-IVA5 FOUR 038 *... OCT
M-IVA6 FOUR 1 38 ---- 4.39 S
M-IVA7 FOUR 1 38 --- 4,.04 S
M-IVA8 FOUR 9 38 M 3.52 S
M-IVA9 FOUR 1 38 118.96 T
M-IVA1O FOUR I 38 ---- 4,04 SC

AVERAGE 111,52 3.89
STANDARD DEVIATION 0.51

M-IB1 ONE 0 60 ---- 4.34 S
MA.AB2 ONE 60 --- 3.13 5
M-183 ONE 0 60 ----i 3.05 S
M-IB4 ONE f 60 ---- 3.21 S
M'IB5 ONE 0 60 ---- 3.89 S
M..1B6 ONE 0 60 ~ a3.89 S
M-IB7 ONE 0 60 aa3.66 S
M-1B8 ONE # 60 a-- -- 3.23 S

AVEHAGE 3.55
STANDARD DEVIATION 0.46
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TABLE B8 (continued)

Specimen E of Removals 9 Flexural Apparent Shear Failure
No. Nozzle Pressure Strength Strength Modes (a)

(PSI) (K3I) (KSI)
liilllllrmlillUl3lUlulUllUliullullililll~lliltililulllllllllullllllllllll

N-ll TWO 9 60 ---- 4.23 S
MAVRG4 TWO @ 60 3.42 S
M DIB5 TWO D 60 A N4.16 S
M-IVB6 TWO U 60 3.82 S
M-IVB7 TWO 60 . 3.47 $
M-IVIbb TWO 0 60 3.53 S
M-IIB9 TWO , 60 .... 3.62 S
M-IIBIO TWO , 60 ---- 3.83 S

AVERAGE 3.76
STANDARD DEVIATION 0.31

M--IV FOUR n0 rerron s4.59 39T
M-mIVB2 FOUR 9 60 108.05- faur T
M(IV)3 FOUR e 60 snes o 3.56 5,T
M-IVB4 FOUR 9 60 rnnnn3.46 S
M-IV35 FOUR 9 60 rnn4.26 5,?
M-IVB6 FOUR 9 60 r----n 4.13 S
M-IVB7 FOUR 9 60 rnrnn r 3.64 5
MI1VB8 FOUR 9 60 rn--- 3.65 S
MnIVB9 FOUR 9 60 r3.61 S
?',,VB1O FOUR 9 60 -÷n.n/4 4.72

AVERAGE 108.05 3.96
STANDARD DEVIATION 0.48

(a) T - Failure on tensile side of specimen
C - Fail.ure on compression side
S -n Shear failure

(b) Compression stress on point removal side of specimen
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